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Abstract 
 
Local scouring is one of the main causes of bridge damage or collapse in river 
crossings. Bridge failure can cause severe damage and can result in serious injury or 
death. Hence, study on the control of scouring at bridge piers plays an important role 
in bridge design.  
 
The aim of this study was to evaluate the effectiveness of a slotted aerofoil shaped 
pier in reducing local scour, as compared to a circular shaped and aerofoil shaped 
pier. The piers were tested under clear-water conditions for a duration of 3 hours and 
the resulting scour holes were scanned using a ScanStation 2. Further to this, velocity 
measurements were recorded at key points around the piers using an acoustic 
Doppler velocimeter.  
 
The results showed that the slotted aerofoil shaped pier reduces local scour. The 
reduction of the scour hole volume was about 85% when compared to the circular 
pier. Measured velocities assisted in the understanding of the resultant scour holes 
for the three piers and showed that for the case of the slotted aerofoil pier, the wake 
vortex shedding had been significantly reduced, as had the intensity of the downflow 
and horseshoe vortex at the nose of the pier. These results showed that the 
combination of a slot and aerofoil shape may be a very effective countermeasure 
against local scouring at bridge piers. 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  ii  
 
 
 
 
Limitations of Use 
 
 
The Council of the University of Southern Queensland, its Faculty of Engineering 
and Surveying, and the staff of the University of Southern Queensland, do not accept 
any responsibility for the truth, accuracy or completeness of material contained 
within or associated with this dissertation.  
 
Persons using all or any part of this material do so at their own risk, and not at the 
risk of the Council of the University of Southern Queensland, its Faculty of 
Engineering and Surveying or the staff of the University of Southern Queensland.  
 
This dissertation reports an educational exercise and has no purpose or validity 
beyond this exercise. The sole purpose of the course "Project and Dissertation" is to 
contribute to the overall education within the student’s chosen degree programme. 
This document, the associated hardware, software, drawings, and other material set 
out in the associated appendices should not be used for any other purpose: if they are 
so used, it is entirely at the risk of the user.  
 
 
 
 
 
  
 
ENG4111 & ENG4112 Research Project 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  iii  
 
 
 
Certification 
 
 
 
 
 
I certify that the ideas, designs and experimental work, results, analyses and 
conclusions set out in this dissertation are entirely my own effort, except where 
otherwise indicated and acknowledged. 
 
I further certify that the work is original and has not been previously submitted for 
assessment in any other course or institution, except where specifically stated. 
 
Zane Christensen 
Student Number: 0050011966 
 
 
 
 
 
 
____________________________  
         Signature 
 
 
   
                          29th October, 2009               
    Date 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  iv  
Acknowledgements 
 
 
This research has been carried out under the supervision of Joseph Foley. 
 
Appreciation is also due to Brian Aston for his hard work on the model pier and false 
floor construction; Clinton Caudell for taking the time to assist with the scanning of 
the scour beds and Dan Eising for his assistance in the Hydraulics Laboratory.
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  v  
 
Table of Contents 
 
Abstract ...................................................................................................................... i 
Limitations of Use ....................................................................................................... ii 
Certification ................................................................................................................ iii 
Acknowledgements..................................................................................................... iv 
List of Figures ........................................................................................................... viii 
List of Tables ................................................................................................................x 
Nomenclature ............................................................................................................. xi 
Chapter 1 Introduction ................................................................................................1 
1.1 Outline..........................................................................................................1 
1.2 Background ..................................................................................................1 
1.3 Aim...............................................................................................................2 
1.4 Objectives.....................................................................................................3 
1.5 Hypothesis....................................................................................................3 
1.6 Summary ......................................................................................................4 
Chapter 2 Literature Review.......................................................................................5 
2.1 Introduction..................................................................................................5 
2.1.1 Types of Fluid Flow.........................................................................5 
2.1.2 Scour ................................................................................................7 
2.1.3 Types of scour ..................................................................................7 
2.2 Local Scour Mechanisms .............................................................................9 
2.2.1 Horseshoe Vortex...........................................................................10 
2.2.2 Wake Vortices................................................................................11 
2.3 Incipient motion of sediment particles.......................................................14 
2.3.1 Shields Diagram.............................................................................15 
2.3.2 Classification of local scour ...........................................................17 
2.4 Scaling Effects ...........................................................................................19 
2.5 Classification of scour parameters .............................................................20 
2.5.1 Flow intensity.................................................................................20 
2.5.2 Depth of flow .................................................................................21 
2.5.3 Width of the pier ............................................................................21 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  vi  
2.5.4 Size and gradation of bed material.................................................22 
2.5.5 Angle of attack of the approach flow to the pier............................22 
2.5.6 Shape of the pier ............................................................................23 
2.5.7 Debris .............................................................................................23 
2.6 Local scour countermeasures .....................................................................24 
2.6.1 Armouring Countermeasures .........................................................24 
2.6.2 Flow-altering Countermeasures .....................................................27 
2.6.2.1 Sacrificial piles...............................................................................27 
2.6.2.2 Splitter plate ...................................................................................28 
2.6.2.3 Helical wires ..................................................................................30 
2.6.2.4 Bed sill ...........................................................................................32 
2.6.2.5 Collars ............................................................................................32 
2.7 Application of aerofoil as a countermeasure for local scour at bridge piers34 
2.7.1 Earlier work done and findings on the use of the aerofoil .............34 
2.8 Application of slot as a countermeasure for local scour at bridge piers ....35 
2.8.1 Earlier work done and findings on the use of slots ........................36 
2.9 Conclusions................................................................................................41 
Chapter 3 Experimental Setup and Methodology...................................................43 
3.1 Introduction................................................................................................43 
3.2 Flume .........................................................................................................43 
3.3 Flow conditions..........................................................................................44 
3.4 Pier Models ................................................................................................45 
3.5 Sand Size and Incipient motion of sediment..............................................48 
3.6 Sand Recess and False Floor......................................................................52 
3.7 ScanStation 2 and Cyclone.........................................................................54 
3.8 Acoustic Doppler Velocimeter...................................................................56 
3.9 Coordinate system......................................................................................57 
3.10 Instrument Carriage....................................................................................58 
3.11 General experimental procedure and data acquisition ...............................59 
3.11.1 Mobile Bed Testing........................................................................59 
3.11.2 Acoustic Doppler Velocimeter Testing..........................................62 
Chapter 4 Results and Analysis ................................................................................64 
4.1 Introduction................................................................................................64 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  vii  
4.2 Mobile Bed Testing....................................................................................64 
4.2.1 Circular Pier ...................................................................................64 
4.2.2 Aerofoil Pier...................................................................................66 
4.2.3 Combination Pier ...........................................................................69 
4.3 ADV Testing ..............................................................................................71 
4.4 Summary ....................................................................................................80 
Chapter 5 Discussion..................................................................................................81 
5.1 Introduction................................................................................................81 
5.2 Research Limitations..................................................................................81 
5.3 Practical Applications ................................................................................84 
5.4 Further areas of study.................................................................................85 
5.5 Experimental Conclusions .........................................................................85 
References ...................................................................................................................87 
Appendices ..................................................................................................................95 
Appendix A – Project Specification..........................................................................96 
Appendix B – Measured Velocities Using the ADV ................................................97 
 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  viii  
List of Figures 
Figure 2-1: Laminar Flow ............................................................................................ 5 
Figure 2-2: Turbulent Flow.......................................................................................... 6 
Figure 2-3: Elements present around a pier (Source: Melville & Coleman 2000) ...... 9 
Figure 2-4: Areas of initial scour hole formation....................................................... 11 
Figure 2-5: Ideal and real flow around a cylinder...................................................... 12 
Figure 2-6: Shields Diagram ...................................................................................... 16 
Figure 2-7: Scour depth as a function of time (Source: Raudkivi & Ettema 1983)... 18 
Figure 2-8: Ripple formation due to fine sediment size (Source: Alibi 2006)........... 20 
Figure 2-9: General configuration of sacrificial piles as tested by Melville & 
Hadfield (1999) .......................................................................................................... 28 
Figure 2-10: General splitter plate layout .................................................................. 29 
Figure 2-11: General view of helically wired pier and types of thread ..................... 31 
Figure 2-12: Circular fronted aerofoil, based on symmetrical aerofoil (Source: 
Drysdale 2008) ........................................................................................................... 35 
Figure 2-13: (a) Bridge pier with slot near bed; (b) bridge pier with slot near flow 
surface (Source: Chiew 1992).................................................................................... 37 
Figure 3-1: Schematic illustration of the experimental setup .................................... 43 
Figure 3-2: Mesh at entrance of flume....................................................................... 45 
Figure 3-3: Model pier shapes used ........................................................................... 46 
Figure 3-4: Schematic illustration of combination pier ............................................. 47 
Figure 3-5: Weights on top of pier to secure in position............................................ 48 
Figure 3-6: Grain size distribution (sieve analysis) ................................................... 49 
Figure 3-7: Combination pier false floor cut-out ....................................................... 53 
Figure 3-8: Combination pier placed in 0.01m sand recess ....................................... 54 
Figure 3-9: Imposed photo over point cloud of an initial scan .................................. 55 
Figure 3-10: Position of ScanStation 2 scanner ......................................................... 55 
Figure 3-11: Acoustic Doppler velocimeter probe head ............................................ 56 
Figure 3-12: Digital positioning system on the frame ............................................... 58 
Figure 3-13: Sand levelled at 10mm depth around circular pier................................ 60 
Figure 3-14: Scan of aerofoil pier with markers LHS and RHS prior to the 
commencement of testing .......................................................................................... 60 
Figure 3-15: Method used to record velocities at piers.............................................. 63 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  ix  
Figure 4-1: Final scour profile of circular pier........................................................... 65 
Figure 4-2 Contour plot of scour topography of circular pier.................................... 65 
Figure 4-3: Final scour profile of aerofoil pier .......................................................... 67 
Figure 4-4: Contour plot of scour topography of aerofoil pier .................................. 68 
Figure 4-5: Final scour profile of combination pier................................................... 69 
Figure 4-6: Contour plot of scour topography of combination pier........................... 70 
Figure 4-7: Position (0,-40) x direction...................................................................... 71 
Figure 4-8: Position (0,-40) z direction...................................................................... 72 
Figure 4-9: Position (10,-40) y direction.................................................................... 73 
Figure 4-10: Position (10,-40) z direction.................................................................. 73 
Figure 4-11: Position (30,-30) z direction.................................................................. 74 
Figure 4-12: Position (50,-10) z direction.................................................................. 75 
Figure 4-13: Position (50, 0) x direction.................................................................... 76 
Figure 4-14: Position (50, 0) y direction.................................................................... 76 
Figure 4-15: Position (50, 0) z direction .................................................................... 77 
Figure 4-16: Position (40, 40) x direction.................................................................. 77 
Figure 4-17: Position (40, 40) y direction.................................................................. 78 
Figure 4-18: Position (40, 40) z direction .................................................................. 78 
Figure 4-19: Position (0, 240) x direction.................................................................. 79 
Figure 4-20: Position (0, 240) y direction.................................................................. 80 
Figure 5-1: Front-on view of aerofoil pier scan ......................................................... 83 
Figure 5-2: Front-on view of combination pier scan ................................................. 83 
Figure 5-3: Possible debris deflector shape ............................................................... 84 
 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  x  
List of Tables 
Table 1: Sieve analysis results ................................................................................... 49 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  xi  
Nomenclature 
A  Cross Sectional Area of Flow     m2 
Ae  Equilibrium scour hole area     m2 
Ae  Equilibrium scour hole area without countermeasure m2 
b  Pier width       m 
C  Chezy’s number 
dse  Equilibrium scour depth in front of pier   m 
dse  Equilibrium scour depth in front of pier  
without countermeasure    m 
 
dsp  Equilibrium scour depth in the case of a pier  
without appurtenances    m 
D  Diameter of pier      m 
d50  Median particle diameter     m 
Fs  Shields entrainment number 
g  Gravity (assume 9.81)      m.s-2 
n  Manning’s n value 
P  Wetted Perimeter      m 
p  Pressure       N.m-2 
Q  Discharge       m3.s-1 
R  Hydraulic Radius      m 
Re  Reynolds Number 
Rechannel Open channel Reynolds number 
ReD  Pier Reynolds number 
rAe  Percent reduction of scour hole area at equilibrium 
rde  Percent reduction of scour hole depth in  
front of pier at equilibrium 
rVe  Percent reduction of scour hole volume at equilibrium 
rV  Percent reduction in scour hole volume    
t  Time        s 
u  Velocity       m.s-1 
U  Velocity       m.s-1 
Uc  Threshold velocity for the beginning of sediment motion m.s-1 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  xii  
u*c  Critical shear velocity      m.s-1 
u*  Bed shear velocity      m.s-1 
V  Velocity       m.s-1 
Va  Volume of scour hole for aerofoil pier   m3 
Vc  Volume of scour hole for circular pier   m3 
Ve  Equilibrium scour hole volume     m3 
Ve0  Equilibrium scour hole volume without  
countermeasure     m3 
Vs  Volume of scour hole for combination pier   m3 
w  Slot width       m 
x  Distance       m 
y  Distance       m 
y  Depth of flow       m 
yL  Length of slot       m 
YL  Length of slot       m 
yo  Mean depth of flow      m 
z  Distance       m 
zs  Sinking depth of slot      m 
μ  Coefficient of Dynamic Viscosity    kg.m-1.s 
λ  Friction factor        
ρ  Density of Fluid      kg.m-3 
τ0  Mean bed shear stress      N.m-2 
 
 
 
 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  Page 1  
Chapter 1 Introduction 
 
1.1 Outline 
 
This research has further studied the mitigation of local scour at bridge piers. A 
combination of a slot and an aerofoil was used to minimize the effects of turbulent 
flows on a bridge pier. This study investigated the effectiveness of a combination 
pier under turbulent conditions. 
 
 
1.2 Background 
 
Scouring is one of the main causes of bridge damage or collapse in river crossings 
(Melville & Coleman 2000). Bridge scour failures have been reported all over the 
world, with serious bridge scour problems occurring in many East-Asian countries, 
particularly those areas subject to floods induced by yearly typhoons (Lu et al. 2008). 
Clopper et al. (2007) report that scour causes 60% of bridge failures in the United 
States. Damage to several bridges in Sweden has also been reported due to local 
scour undermining the foundations (Worman 1989). The collapse of bridges can 
cause large amounts of damage and can result in serious injury or death. Hence, 
study on the control of scouring at bridge piers plays an important role in bridge 
design. 
 
Scour is a threat to the stability of bridge piers (Sumer & Fredsoe 2002). If a 
significant amount of material supporting the footing of a bridge pier is scoured by a 
stream flow, then the bridge could fail or become unsafe for traffic (Duc & Rodi 
2008). Lagasse et al. (1988) believe that some bridge failures are caused by the 
cumulative pier scouring that can occur during floods in a period of 30 years. On the 
other hand, Lagasse et al. (1995) and Lu et al. (2008) suggest that although scour 
around a bridge pier occurs primarily during high floods, the scour holes are often 
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filled in as the peak flow subsides. This highlighted lack of coherent understanding 
about local scouring effects over time accentuates the need for the minimization of 
scouring likelihood. This research project will endeavor to develop such a 
countermeasure.  
 
‘Knowledge for predicting scour depths has progressed rapidly over the past 20 
years, however knowledge of countermeasures for protecting against this problem 
has not’ (Lauchlan 1999, p. 15). Many papers suggest that the prediction of scour 
depths at piers and abutments is of high importance (Raikar & Dey 2008) where such 
predictions are typically based on empirical scour depth equations. However,  ‘they 
are only applicable to conditions similar to those for which they were obtained’ 
(Melville 1975, p. 191). Elliot and Baker (1985) and Coleman and Melville (2001) 
also believe that equations for the estimation of scour depths should be used with 
caution as they have typically been derived using strict conditions. It would therefore 
be of greater importance to design a countermeasure that limits or removes local 
scour from the system, that way scour depth predictions need not be necessary. 
 
 
1.3 Aim 
 
This research aimed to investigate the effects of the combination of a scour (slot) and 
vortex shedding (aerofoil) reduction mechanism by physical modeling. There is little 
published data on the use of the slot and aerofoil shaped pier as independent local 
scour countermeasures. Through this research, further insight will be given into the 
use of these local scour countermeasures and the phenomenon of local scour in 
turbulent flow. 
 
An experimental approach to the problem was preferred as local scour around a 
bridge pier involves the complexities of a three dimensional turbulent flow field 
around a pier as well as sediment transport. 
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1.4 Objectives 
 
The objective of this research was to determine the effectiveness of a slotted aerofoil 
pier (herein referred to as the combination pier) in reducing local scour, when 
compared to a traditional circular shaped pier and an aerofoil shaped pier.  
 
In this project mobile bed testing was utilized to understand the changes and 
interaction of the various local scour mechanisms. The use of the mobile bed also 
aided in visualizing the scour patterns present around a circular shaped, aerofoil 
shaped and combination pier during turbulent flow.  
 
Additional experiments were also undertaken using an acoustic Doppler velocimeter 
(ADV) to examine the velocities at particular points around the piers. Although 
visualization of the scour pattern is important through use of the mobile bed, an 
understanding of the cause of the scour pattern is also significant. By generating 
comparative graphs for the three different piers, insight into the reason for varying 
scour patterns may be obtained. 
 
The laboratory testing was not designed to replicate any particular prototype scale 
conditions. As with the testing carried out by Clopper et al. (2007) the intent of the 
testing program was to provide valid comparisons of the countermeasure type 
(combination pier) to the unprotected condition (circular pier). 
 
 
1.5 Hypothesis 
 
It is hypothesized that scour in the wake of the aerofoil and combination piers will be 
minimized when compared to the circular pier as the aerofoil shape has been shown 
to minimize vortex shedding intensity, which is related to local scour in the wake 
region. It is also believed that local scour will be minimized at the nose of the 
combination pier as compared to that of the aerofoil and circular shaped piers as the 
slot should minimize the intensity of the downflow and horseshoe vortex.  
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1.6 Summary  
 
This dissertation aims to provide an alternative pier design to minimize the effects of 
local scour. As this research proposes a unique pier design, direct comparisons to 
current literature cannot be made. However the literature can provide background 
information and aid in the understanding of the workings of the combination pier. 
This study will make way for further research in the topic. 
 
The following chapter presents a review of terms relevant to local scour, the local 
scour mechanisms, and present pier scour countermeasures. This is followed by the 
experimental procedure used in the present study. Chapter 4 contains a detailed 
analysis of the results of the mobile bed and ADV experiments. The principal 
conclusions drawn from all aspects of this study are given in Chapter 5. 
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Chapter 2 Literature Review 
 
2.1 Introduction 
 
A considerable amount of literature has been published on the local scour of 
cohesionless bed sediment around a bridge pier. This chapter attempts to summarise 
the present state of understanding of local scour in cohesionless soil, the local 
scouring mechanisms and the countermeasures for minimising local scour at a bridge 
pier. This chapter is included to familiarise the reader with terminologies relevant to 
local scour at a bridge pier as well as to facilitate the understanding of scour. The use 
of the slot and aerofoil as countermeasures for local scour are also reviewed. 
 
 
2.1.1 Types of Fluid Flow 
 
Fluid flow may be classified into one of two flow regimes; namely laminar or 
turbulent flow. When the flow is laminar, the fluid particles move along observable 
streamlines, with one layer gliding over another (Nalluri & Featherstone 2001) with 
virtually no mixing between layers. An example of laminar flow is depicted in Figure 
2-1.  
 
 
Figure 2-1: Laminar Flow 
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However, in most hydraulic engineering applications, the flow regime encountered is 
turbulent. Turbulent flows are characterized by the movement of the fluid particles in 
an irregular manner and with no definite layers, resulting in complex and variable 
flow patterns. An example of turbulent flow is shown in Figure 2-2.  
 
 
Figure 2-2: Turbulent Flow 
 
 
Osbourne Reynolds developed experiments to examine the various conditions of 
flow. His results revealed that the onset of turbulence was a function of fluid 
velocity, viscosity, and a typical dimension, which lead to the development of the 
dimensionless Reynolds number (Chadwick et al. 2005).  
 
Reynolds number is a ratio of inertia forces and viscous forces (Nalluri & 
Featherstone 2001) and for the purposes of this research, the open channel Reynolds 
number, Rechannel, and the pier Reynolds number, ReD, will be used. 
 
 ν
VR
channel =Re         (2-1) 
 
(2.1) defines Reynolds number in an open channel, where V is the velocity of the 
fluid, R is the hydraulic radius of the channel, and ν is the kinematic viscosity of the 
fluid. The hydraulic radius is the ratio of the cross sectional area to the wetted 
perimeter; whereby the wetted perimeter is the length of the wetted surface measured 
normal to the direction of flow (Chadwick et al. 2005). 
 
The pier Reynolds number is defined as; 
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 ν
VD
D =Re        (2-2) 
 
where V is the velocity of the fluid, D is the diameter of the pier, and ν is the 
kinematic viscosity of the fluid. For water, the kinematic viscosity is 1.00×10-6 m2/s 
at 20°C (Nalluri & Featherstone 2001). 
 
By using the Reynolds number the flow regime may be identified (Nalluri & 
Featherstone 2001). In open channel flows, a Reynolds number of Re < 500 is 
considered laminar flow; whereas a Reynolds number of Re > 1000 is considered 
turbulent flow. 
 
2.1.2 Scour  
 
Hopkins et al. (1980) (cited in Johnson 1991, p. 49), described scour as ‘the erosive 
action of water in excavating and carrying away material from the channel bed.’ 
Sumer and Fredsoe (2002) differentiated between scour and erosion by indicating 
that scour is caused by the presence of a structure in the flow.  
 
Local scour at bride piers is a potential safety hazard and is of major concern to 
transportation agencies (Clopper et al. 2007). Extensive scour around the pier may 
reduce its stability, thus weakening the overall structure and leading to its failure 
(Duc & Rodi 2008; Roulund et al. 2005; Sahin & Ozturk 2009) The most severe 
failures occur during floods (Chiew & Lim 2000). Palmer et al. (1991) suggested that 
that 80% of all bridge failures were due to scour.  
 
2.1.3 Types of scour 
 
Lu et al. (2008) and Coleman and Melville (2001) proposed that there are three types 
of scour that may be present at bridge sites; general scour, contraction scour, and 
local scour. 
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General scour is the aggradation or degradation of the bed level and develops 
irrespective of the existence of local structures (Lu et al. 2008). It can occur as either 
short-term or long-term scour (Coleman & Melville 2001) and may be associated 
with a passing flood or a change in the river regime (Chiew 1984). Raudkivi and 
Ettema (1983) suggested that general scour will occur irrespective of whether a 
bridge is present or not. 
 
Contraction scour occurs as a result of a reduction in width of a channel or waterway 
(Raikar & Dey 2006; Raudkivi & Ettema 1983), either due to natural means or by 
human alteration, such as the presence of bridge piers or abutments (Brandimarte et 
al. 2006; Lu et al. 2008). This type of scour is observed in areas where abutments and 
bridge piers are placed in such a way that they reduce the overall width of the stream 
segment and the flow is dramatically constricted (Duc & Rodi 2008). As the flow 
passes through the constricted area, it accelerates due to the narrow section, resulting 
in an increase in the average flow velocity, which consequently causes an increase in 
erosive forces on the channel bed resulting in the scour of the sediment bed (Chiew 
1984; Duc & Rodi 2008; Raikar & Dey 2006). As with other types of scour, 
contraction scour develops when the bed shear stress exceeds the critical shear stress 
of the bed materials (Duc & Rodi 2008). 
 
Local scour at bridge piers may be defined as ‘a lowering in the bed elevation around 
a pier’ (Moncada et al. 2009, p. 119). This lowering is caused by three-dimensional 
boundary layer separation at the pier, resulting in erosion of bed material by the local 
flow structure, which is characterized by a high level of turbulence and vorticity 
(Chiew, 1992). In contrast to general and contraction scour, local scour is directly 
attributable to the presence of the bridge pier (Lauchlan 1999; Raudkivi & Ettema 
1983). 
 
As it is the main focus of this research, local scour will be discussed in much more 
detail in the following sections. 
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2.2 Local Scour Mechanisms 
 
Tseng et al. (2000) described the elements present around a pier as a downflow in the 
front of the pier, the horseshoe vortex at the bed of the pier, a bow wave or surface 
roller on the upstream free surface of the pier, and wake vortices in the downstream 
region behind the pier, as seen in Figure 2-3. Grimaldi et al. (2009b) and Breusers et 
al. (1977) believe that the development of local scouring is caused by the combined 
actions of the horseshoe vortex and the wake vortex systems. 
 
 
 
Figure 2-3: Elements present around a pier (Source: Melville & Coleman 2000) 
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2.2.1 Horseshoe Vortex 
 
Lu et al. (2008) and Lee and Sturm (2009) suggested that the horseshoe vortex 
system is the most significant mechanism causing local scour around bridge piers. 
Owing to its similarity to a horseshoe shape, the horseshoe vortex system forms at 
the upstream face of the pier and wraps around the base of the pier, travelling in the 
direction of the main flow (Sahin & Ozturk 2009). Grimaldi et al. (2009a) indicated 
that the maximum depth of the scour hole is produced at the front of the pier by the 
horseshoe vortex. 
 
Local scour upstream of a pier is a result of the combined effects of bed shear and 
downflow (Tseng et al. 2000). It has been reported that a significant downward flow 
from the upper flow zone on the upstream face of a pier results in strong backward 
flow close to the bed, leading to the creation of the horseshoe vortex (Sadeque et al. 
2008; Tseng et al. 2000). Grimaldi et al. (2009b) and Huang et al. (2009) believe the 
formation of the horseshoe vortex is a result of the strong pressure gradient occurring 
upstream of the pier and the downward negative stagnation pressure gradient 
generating a downflow. The  outcome is a three-dimensional separated flow region at 
the upstream face of the pier (Sahin & Ozturk 2009). 
 
Tseng et al. (2000) explained that the downflow is the key component in forming the 
horseshoe vortex and that the position of the maximum downflow velocity is near the 
bed. The downward flow interacts with the horizontal boundary layer separation 
close to the riverbed and is swept downstream by the flow on both sides of the pier, 
resulting in a subsequent acceleration of the flow around the nose of the pier 
(Lagasse et al. 2007).  
 
Johnson (1991) indicated that the rate of erosion of the scour hole is directly 
associated with the magnitude of the downward flow, which in turn is directly related 
to the velocity of the approaching river flow. ‘The transport rate of sediment away 
from the base region is greater than the transport rate into the region, and, 
consequently, a scour hole develops’ (Lagasse et al. 2007, p. 11).  Scour holes caused 
by the horseshoe vortex begin near the ±45° position of a circular pier (Dargahi 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  Page 11  
1990; Tseng et al. 2000) as depicted in Figure 2-4. Huang et al. (2009) suggested that 
eroded particles will follow the flow pattern around the pier. As the depth of scour 
increases, the strength of the horseshoe vortex is reduced (Huang et al. 2009; 
Yanmaz & Altinbilek 1991). Scour equilibrium is reached when the shear stresses 
caused by the horseshoe vortex equals the critical shear stress of the bed material 
particles. 
 
 
Figure 2-4: Areas of initial scour hole formation 
 
 
2.2.2 Wake Vortices 
 
In addition to the horseshoe vortex around the base of a pier, there are vertical 
vortices downstream of the pier called wake vortices. To appreciate the formation of 
the wake vortex system, an understanding of ideal and real fluid flow is necessary.  
 
An ideal fluid can be defined as a fluid that is inviscid or frictionless and 
incompressible (Nalluri & Featherstone 2001; Schlichting & Gersten 2000). In 
Figure 2-5, it can be seen that the ideal fluid flows smoothly around the body with no 
loss of energy between the upstream and the downstream sides of the bluff body, 
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meaning there is no pressure difference between the upstream and downstream faces 
of the bluff body. Bernoulli’s theorem states that ‘the total energy at all points along 
a steady continuous streamline of an ideal fluid flow is constant’ and Bernoulli’s 
equation as expressed below can therefore be applied to obtain the pressure 
distribution. 
 
2
2
22
1
2
11
22
z
g
V
g
pz
g
V
g
p ++=++ ρρ      (2-3) 
 
Where  p1 and p2 are pressures at points 1 and 2, V1 and V2 are the corresponding 
velocities, z1 and z2 are the potential head, g is gravity, and ρ is the density of the 
fluid. 
 
 
Figure 2-5: Ideal and real flow around a cylinder 
 
 
As can be seen in Figure 2-5, the upstream flow pattern for real fluid is similar to that 
of ideal fluid. However, as the flow lines pass towards the side of the body, the 
streamlines contract at the sides (Roulund et al. 2005), creating a boundary layer 
around the bluff body. In this situation the fluid within the boundary layer travels at a 
lower speed to that of the free flow, implying that the pressures within this zone are 
low compared to those in the free stream (Chadwick et al. 2005). A strong adverse 
pressure gradient in front of the pier and a large pressure drop in the wake flow 
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(Tseng et al. 2000) generate wake vortices in which there are substantial energy 
losses (Chadwick et al. 2005).  
 
The viscosity of a fluid will significantly affect the onset of turbulence (Chadwick et 
al. 2005) and the generation of wake vortices. Nalluri and Featherstone (2001) 
explain that ‘all fluids are viscous and ‘Newtonian fluids’ obey the linear 
relationship’; 
 
dy
duμτ =         (2-4) 
 
where τ is the shear stress, 
dy
du is the rate of shear strain and μ is the coefficient of 
absolute viscosity of a fluid. Leading on from this, μ is not a constant. For 
‘Newtonian fluids’, such as water, μ only remains constant at constant temperature – 
if the temperature rises, viscosity falls, and if temperature falls, viscosity rises 
(Schlichting & Gersten 2000). 
 
As water is a Newtonian fluid, it behaves as a real fluid, and hence wake vortices are 
formed in the right conditions. In the wake region, the scouring mechanism is closely 
related to the wake vortices. Sediment particles are ejected when low-pressures and 
high fluctuations associated with the convection of these structures are present in the 
near-bed region (Kirkil et al. 2005). The strength of the wake vortices varies greatly 
with pier shape and fluid velocity, and hence a streamlined pier will generate 
relatively weak wake vortices, as compared to those created behind a blunt body 
(Melville 1975). The intensity of wake vortices diminishes rapidly as the distance 
downstream of the pier increases, often resulting in a deposition of material 
immediately downstream of a pier (Lagasse et al. 2007).  
 
Wake vortices are often shed alternately, as observed by Sadeque, Rajaratnam and 
Loewen (2008). The alternate shedding of vortices behind bluff bodies can create 
periodic lateral forces on the pier (Akilli et al. 2005). The periodic vortex shedding 
mechanism modifies the pressure distribution on the body periodically giving (lift) 
forces in the streamwise and cross-flow directions (Singha et al. 2007).  These forces 
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can shorten the life of the structure (Kwon & Choi 1996) and increases the acoustic 
noise and drag (Akilli et al. 2005). The effects of vortex shedding on the structural 
integrity of the pier due to periodic forces will not be investigated in this project. 
 
 
2.3 Incipient motion of sediment particles 
 
Incipient motion is of considerable significance in scour related studies. Incipient 
motion refers to the hydraulic condition at which the motion of sediment particles of 
a given size is initiated (Chin et al. 1994). Incipient motion can be related to either 
shear stress on the particles or the fluid velocity in the vicinity of the particles. The 
maximum local scour depth in uniform sediments occurs at the condition of incipient 
motion (Breusers et al. 1977; Grimaldi et al. 2009b). 
 
The force exerted by the water on the wetted area of a channel is called the tractive 
force (Nalluri & Featherstone 2001). The forces that resist the entraining action of 
the flowing water differ depending upon the properties of bed material. For coarse 
sediments such as sands and gravels, the resisting forces relate mainly to the weight 
of the particles (Vanoni 2006), but also are a function of the shape of particle, its 
position relative to other particles, and the form of bed roughness.  
 
When the flow velocity has increased sufficiently over the bed, individual particles 
begin to move in a random manner. It is believed that every particle on the bed 
surface is potentially susceptible to a characteristic critical bed shear stress (τc) and 
that a grain becomes unstable if the instantaneous bed shear stress (τo) exceeds the 
critical bed shear stress (Hoffmans & Pilarczuk 1995). The mean shear stress on the 
bed, also known as the unit tractive force, is given by (Nalluri & Featherstone 2001): 
 
 oo gRSρτ =         (2-5) 
 
For very wide channels, R ≈ y (Garde & Ranga Raju 2000) and hence: 
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oo gySρτ =         (2-6) 
 
If the shear stresses can be kept below that which will cause the material of the 
channel boundary to move, the channel will be stable. When the shear stress on the 
bed is equal to the critical shear stress for a given size of a bed material, individual 
particles on the bed are said to start moving  
 
Simons and Senturk (1992) suggest that the major variables that affect the incipient 
motion of sediment particles on a level bed include; 
• water density (ρ); 
• acceleration due to gravity (g);  
• flow depth (y); 
• grain roughness (ks); and  
• critical shear stress (τc).  
 
Chin et al. (1994) further this by indicating that the incipient motion of an individual 
particle is dependent on particle size, shape, density, and the particles sheltering or 
exposure to the flow. 
 
Although river beds are composed mainly of non-uniform sediments (Chin et al. 
1994), research into incipient motion has mostly been conducted on uniform 
material. For the application of incipient motion results for non-uniform granular 
material, Simons and Senturk (1992) suggest that the median grain size, d50, be used. 
 
 
2.3.1 Shields Diagram 
 
Shields has been viewed as the pioneer of describing the threshold of particle motion 
(Beheshti & Ataie-Ashtiani 2008; Nalluri & Featherstone 2001). According to 
Beheshti and Ataie-Ashtiani (2008), Shields applied dimensional analysis and 
obtained a parameter which expresses a critical ratio of the applied bottom shear 
stress to the immersed weight of the grains, known as the Shields entrainment 
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function, and plotted it as a function of particle Reynolds number. As a result, the 
Shields diagram was created in which the derived threshold curve is plotted (Figure 
2-6). 
 
 
Figure 2-6: Shields Diagram 
 
 
From Shields diagram it is possible to calculate the critical Shields stress, τ*c, and the 
critical particle Reynolds number Re*, which suggest incipient motion. 
 
The critical Shields stress can be calculated as; 
 
 ( ) 50* ds
c
c γγ
ττ −=        (2.7) 
 
Where  γs  =  specific weight of sediment material 
 γ  =  specific weight of water 
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The critical particle Reynolds number can be calculated as; 
 
 ν
50*
*Re
du c=         (2.8) 
 
Where the velocity that will cause a critical shear stress is; 
 
 ρ
τ c
cu =*         (2.9) 
 
As can be seen by (2.1), (2.2) and (2.3), the Shields diagram has the critical shear 
stress as an implicit variable that cannot be deduced directly. The ASCE 
Sedimentation Manual (1975) proposes an additional parameter, written as; 
 
 
2/1
50
50 11.0 ⎥⎦
⎤⎢⎣
⎡
⎟⎟⎠
⎞⎜⎜⎝
⎛ − gdd sγ
γ
ν       (2.10) 
 
to overcome this problem. By following the correct parallel line on the Shields 
diagram, one can determine its intersection point with the main Shields (threshold) 
curve and the corresponding value of τ*c .  
 
 
2.3.2 Classification of local scour 
 
It is customary to characterise the types of local scour depending on whether the bed 
sediment upstream of a bridge pier is at rest or not; namely clear-water conditions 
and live-bed conditions.  The incipient motion of sediment particles plays an 
important role in this regard.  
 
Clear-water conditions are those in which the hydraulic conditions are below the 
threshold of motion (Toro-Escobar et al. 1998), that is U < Uc, and the bed material 
upstream of the local scour area is at rest (Raudkivi & Ettema 1983). Therefore, the 
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local scouring occurs around a pier with no sediment influx from upstream. In clear-
water scour, Breusers et al. (1977) and Raudkivi and Ettema (1983) suggest that the 
maximum scour depth is reached when the flow can no longer remove particles from 
the scour hole. 
 
Live-bed conditions are those in which the bed becomes mobilised as a result of the 
hydraulic conditions being greater than the threshold of motion (U > Uc). General 
bed load transport occurs (Raudkivi & Ettema 1983) as a result of the bed shear 
stress exceeding the critical shear stress of the bed (τo > τc) (Chiew 1984). 
Subsequently, sediment particles from upstream travel into the local scour hole. 
 
When considering the local scour hole development, it is important to note the 
temporal differences between clear-water scour and live-bed scour. Chiew (1984) 
and Raudkivi and Ettema (1983) suggested that for clear-water scour, the maximum 
equilibrium scour depth is approached asymptotically with time, while for live-bed 
scour, the depth of the scour hole is approached much more quickly but then 
oscillates with time as sediment from upstream enters and leaves the scour hole 
(Figure 2-7). 
 
 
Figure 2-7: Scour depth as a function of time (Source: Raudkivi & Ettema 1983) 
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2.4 Scaling Effects 
 
In local scour experiments, it is difficult to scale the pier size and sediment size from 
prototype to model using the same scale (Yanmaz & Altinbilek 1991). Ettema et al. 
(1998) proposed that when undertaking laboratory model experiments on the local 
scour of cohesionless sediments, deeper scour holes, relative to pier width, will be 
observed than would be likely to occur when scaled up to a field location. Lee and 
Sturm (2009, p. 793) further clarified that the ‘choice of sediment size in the 
laboratory model distorts the value of the ratio of pier width to sediment size in 
comparison with the prototype which in turn causes larger values of scour depth in 
the laboratory than in the field.’ This distortion is known as the scaling effect. 
 
There is a natural size range in which accumulations of alluvial particles behave 
cohensionlessly (Ettema et al. 1998; Yanmaz & Altinbilek 1991). By geometrically 
scaling sediment particles based on Shields diagram, very small model sediment 
sizes result which show signs of interparticle forces that are lacking in sand-bed 
rivers (Lee & Sturm 2009). Ettema et al. (1998) suggested that sediments finer than 
about 0.1mm tend to act cohesively, and sediments finer than 0.6mm have the 
tendency to ripple as shown in Figure 2-8. This is because the viscous sublayer 
formed by the flow is relatively larger than the particles. It is therefore difficult to 
satisfy the similitude requirements relating scour in the flume to scour in the river 
(Ettema et al. 1998) and thus ‘the majority of experimental models dealing with 
sediments are analyzed as distorted models…’ (Raikar & Dey 2006, p. 149).  
 
It is not just the scale effect of sediment particle sizes that contribute to differences 
between estimated and actual scour depths. Other scale effects can be attributed to 
non-uniform bed sediment and spatial distribution, and variable flow conditions 
(Ettema et al. 1998) 
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Figure 2-8: Ripple formation due to fine sediment size (Source: Alibi 2006) 
 
 
It is for this reason that the present experiment will not attempt to determine scour 
depths and relate the depths to actual piers. The mobile bed will be used as an 
indication of the presence or lack of vortices and to make valid comparisons between 
the different shaped piers. The median sand particle size will be greater than 0.6mm 
to eliminate the rippling effect. 
 
2.5 Classification of scour parameters 
 
The flow of water around a bridge pier is complex. Bridge pier scour is a dynamic 
phenomenon that varies with the flow intensity, depth of flow, width of the pier, size 
and gradation of bed material, angle of attack of the approach flow to the pier, shape 
of the pier, and debris jams (Clopper et al. 2007; Ettema et al. 1998; Johnson 1991; 
Lagasse et al. 2007). 
 
 
2.5.1 Flow intensity 
 
Chang, Lai and Yen (2004, p. 907) defined flow intensity as ‘the ratio of the 
approaching velocity (U) to the critical approaching velocity (Uc)’. Under clear-
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water conditions for both uniform and non-uniform sediments, the flow intensity 
U/Uc < 1 (Melville & Sutherland 1988), while for live-bed conditions, U/Uc > 1 
(Melville & Hadfield 1999). It has been suggested that the maximum local scour 
depth in uniform sediments occurs at the threshold condition for clear-water scour 
conditions, i.e. U/Uc ≈ 1 (Breusers et al. 1977). Breusers et al. (1977) further this 
discussion by suggesting that scour depth in live-bed conditions does not increase 
further with velocity as the dynamic relationship between the transport of sand grains 
out of the scour hole and the supply into the scour hole is not influenced by the 
magnitude of the transport rate. 
 
 
2.5.2 Depth of flow 
 
Melville and Coleman (2000) commented that at shallow flow depths, the local scour 
at piers increases with flow depth, but for larger water depth (i.e., deep flow), the 
scour depth becomes independent of flow depth but depends on the pier diameter. 
Alibi (2006) furthered this by suggesting that the depth of flow will only affect local 
scour depth if the horseshoe vortex and bow wave interfere with each other. 
 
Throughout the literature, depth of flow is often looked at as a dimensionless number 
by relating the depth of flow to pier width. Breusers et al. (1977) indicated that the 
influence of flow depth can be neglected when the ratio of the depth of flow to the 
pier width is greater than three, i.e. y/b > 3. 
 
 
2.5.3 Width of the pier 
 
Experiments have shown that it is possible to relate the scour depth to the size of the 
pier (Breusers et al. 1977). Johnson (1991, p. 51) states ‘the most important pier 
characteristic in determining the depth to which a hole will be scoured is the width of 
the pier.’ This observation can be explained physically as scouring at the upstream 
face of the pier is due to the horseshoe vortex system, whose dimension is a function 
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of the diameter of the pier. The larger the pier, the larger the scour hole volume and 
also the longer the time taken for the development of the scour hole for a given shear 
stress ratio (Alabi 2006). 
 
 
2.5.4 Size and gradation of bed material 
 
Kells et al. (2001) studied the effect of grain size on local scour below a sluice gate. 
Through their testing they observed that by decreasing the grain size, an increase in 
the magnitude of the local scour area was occurred. They also found that less scour 
occurred for a graded sand than a uniform sand having a similar median grain size.   
 
It is suggested by Lee and Sturm (2009) that it is important to consider the effect of 
sediment size on pier scour. However, this factor is often over looked as the ratio of 
the pier diameter to the sediment size is quite large and hence it is one of the primary 
differences between field and laboratory results. 
 
Armouring of the bed sediment can occur when coarser sediments shield and protect 
finer sediments (Raudkivi & Ettema 1985).  Chin et al. (1994) revealed that larger 
sediment particles tend to act like an anchor in the flow and lead to the formation of 
cluster groups where coarser stones are trapped in the front and small particles are 
sheltered in the wake. Should an anchor stone be washed further downstream, when 
it becomes stationary again the same anchoring process will occur. 
 
 
2.5.5 Angle of attack of the approach flow to the pier 
 
As the angle of attack of the approaching flow increases, the effective width of the 
pier increases, which results in an increase in the local scour depth (Johnson 1991). 
There are a number of reasons as to why the approach flow may become skewed to a 
bridge pier. Melville and Hadfield (1999, p. 1221) suggest two reasons as to why the 
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flow angle may vary; ‘long-term changes in the river direction due to meander 
migration, and variations in flow direction with changes in river stage.’  
 
Coleman & Melville (2001) suggested that the obliqueness of the flow to one of the 
piers of Bulls Road Bridge in New Zealand intensified the local scour and 
contributed to the bridge’s failure in June 1973.  
 
In their study of the Tahrir and Imbaba Bridges over the Nile River in Cairo, Eqypt, 
Stevens Gasser and Saad (1991) concluded that large local scour depths behind the 
bridge piers were a result of the flow approaching each bridge obliquely, giving rise 
to vortices from adjacent piers intersecting one another and exacerbating the scour 
depth. 
 
 
2.5.6 Shape of the pier 
 
It is believed that the length of the pier has negligible effect unless the pier is not 
aligned with the flow (Breusers et al. 1977). Johnson (1991) expands on this by 
stating ‘if the flow attacks the pier at an angle, the greater the pier length relative to 
the width, the greater the effective pier width, and thus, the greater the scour depth.  
 
Most existing scour depth equations include a shape factor which accounts for the 
varying shape of piers, such as square-nose, round-nose and sharp-nose pier. 
However, Melville and Raudkivi (1996) have suggested that this shape factor is 
insignificant and may be overshadowed by debris. 
 
 
2.5.7 Debris  
 
‘…Large random changes in foundation geometry can be caused by floating debris, 
e.g. trees, being trapped upstream of bridge piers’ (Raudkivi & Ettema 1983). If 
stationary in the flow, debris has the potential to generate local scour. Debris can also 
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potential constrict flow, or reduce the effectiveness of local scour countermeasures 
(Palmer et al. 1991) either by directly blocking or removing the countermeasure. 
 
 
2.6 Local scour countermeasures 
 
Grimaldi et al. (2009a) views the reduction of local scour as the main purpose of 
scour countermeasures. Lagasse et al. (2007) defines countermeasures as ‘measures 
incorporated into a highway-stream crossing system to monitor, control, inhibit, 
change, delay, or minimise stream instability and bridge scour problems.’ Local 
hydraulic characteristics and geotechnical conditions of the river bed dictate the 
choice of scour countermeasure to be used (Grimaldi et al. 2009a).  
 
There are numerous countermeasures used to control and alter the flow around 
bridge piers in an attempt to minimize local scour. It is suggested that 
countermeasures for local scour around bridge piers can be grouped into two 
categories; armouring countermeasures and flow-altering countermeasures (Grimaldi 
et al. 2009a; Melville & Hadfield 1999; Park et al. 2008).  
 
 
2.6.1 Armouring Countermeasures 
 
Armouring countermeasures are designed to protect the river bed around a pier 
(Grimaldi et al. 2009a) from the shear stresses during high flow events (Alabi 2006). 
Examples of armouring countermeasures include riprap, articulated concrete blocks 
(ACB), sack gabions and grout filled bags and mattresses.  
 
Wörman (1989) carried out experiments to establish a stability criterion for a single 
layer of riprap without filter layers. Experiments were performed in a flume 3.5 m 
wide, 14 m long, and 1 m deep and used two cylinders; b = 0.15 m and b =0.28 m. 
Three sand sizes (d50 = 0.17, 0.36 and 0.78 mm) were alternated in a rectangular 
recess and riprap of varying sizes was placed on top of the sand. A flow condition 
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was not specified, nor was the method of measuring velocities in the flow. While a 
scour hole still occurred beneath the riprap, he concluded that a single layer of riprap 
would be thinner, less defective and cheaper than using riprap with filter layers.. 
 
Toro-Escobar et al. (1998) conducted experimental tests of riprap under mobile-bed 
conditions. Research was conducted in three separate research laboratories, using 
more than five flumes. Sand recesses were used with varying sand grain sizes 
ranging from d50 = 0.26 mm to 0.96 mm and which were used under live-bed 
conditions. The research only looked at the qualitative aspects of the experimental 
results, however they found that riprap was subject to both settling and dispersion. 
They also suggested that by placing a thicker layer of riprap or a geotextile under the 
riprap, settling and dispersion could help preserve the integrity of the 
countermeasure. 
 
Chiew and Lim (2000) carried out research to examine the failure behaviour of a 
riprap layer at bridge piers; in particular the failure mechanisms of disintegration and 
embedment. Two types of sand of median diameters, d50 = 0.26 and 1.01 mm, were 
used as bed sediments in a 14.0 m long, 0.60 m wide, and 0.60 m deep glass-sided 
flume. Live-bed conditions were enforced on the flow with critical shear velocities 
calculated using Shields entrainment function. It was concluded that a riprap layer 
degraded to an equilibrium depth equal to that of a local scour hole around a pier 
without riprap. It was also suggested that riprap becomes very inefficient in flows 
when large dunes are present. 
 
Yoon and Kim (2001) investigated sack gabions as armouring devices using different 
sizes of fill materials and different gabion lengths in clear-water conditions. After 
placing the pier and sack gabions in a sand recess, the flow was slowly increased 
until the desired discharge was reached. By adjusting the tailgate, observations were 
made for dislodging of the sack gabions. Critical velocities for the removal of the 
sack gabions were calculated using the given discharge divided by the cross sectional 
area of the flow. They concluded that the stability of riprap as a countermeasure 
could be improved by using sack gabions and that sack gabions become more stable 
when their length was increased. 
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Lauchlan and Melville (2001) studied the influence of dune formations on riprap and 
the effects of riprap layer placement with respect to the bed. The experiments were 
performed under live-bed conditions with a uniform bed sediment of d50 = 0.95 mm. 
The Shields entrainment function was used to calculate the critical shear velocity for 
the given conditions and experiments were run for 24 hours under a steady, uniform 
approach flow. Observations of riprap layer responses were made over a range of 
flow velocities relative to the critical approach flow of the riprap material. They 
reported that under live-bed conditions, the dominant failure mode of riprap was the 
progression of dune formation. It was also suggested that under live-bed conditions, 
the effectiveness of riprap as a scour countermeasure could be increased by selecting 
a larger stone size for the riprap. 
 
Lagasse et al. (2007) considered a number of armouring techniques in live-bed 
conditions while attempting to develop practical selection criteria, guidelines and 
specifications for bridge pier scour countermeasures for the National Cooperative 
Highway Research Program (NCHRP). Experiments were conducted on square piers, 
each 200×200 mm, in a recess consisting of sand  with a d50 ranging from 0.7 to 0.9 
mm. Discharge rates were predetermined to correspond to flow velocities of Uc and 
2Uc, resulting in both clear-water and live-bed conditions being examined. Velocities 
were measured using an acoustic Doppler velocimeter, accurate to ±2%, while 
surveys of the scour holes were conducted using a point gauge and total station. 
Tested countermeasures included riprap, partially grouted riprap, ACB, gabion 
mattresses and grout-filled mattresses. The laboratory tests were not designed to 
replicate any particular prototype scale conditions but were intended to provide valid 
comparisons of countermeasure types to each other and to the unprotected condition. 
From their results they devised guideline documents for each of the tested 
countermeasures, and a ‘Countermeasure Selection Methodology’ to provide an 
assessment of the suitability of each countermeasure for individual cases. Selection 
factors included bed material size, debris loading, construction constraints, 
inspection and maintenance, and life-cycle costs. 
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Although much research has been conducted on armouring countermeasures, Chiew 
and Lim (2000) have suggested that when such countermeasures are used in the field, 
the armouring material is often removed over time. 
 
 
2.6.2 Flow-altering Countermeasures 
 
Flow-altering techniques can be separated further into two categories; active and 
passive controls (Akilli et al. 2008; Kwon & Choi 1996). Akilli et al. (2008) 
describes active control techniques as those that use external energy to change the 
flow field around a bluff body, while passive controls change the flow field by 
modifying the bluff body shape, or by attaching additional devices. Lee, Lee, and 
Park (2004) (cited in Akilli et al. 2008, p. 1) suggested that since passive techniques 
are simple and easier to implement compared to active control techniques, they are 
more widely used for flow control applications.  
 
Examples of passive control techniques investigated by researchers include; 
• Sacrificial piles 
• Splitter plate 
• Helical wires 
• Bed sill 
• Collars 
 
2.6.2.1 Sacrificial piles  
 
 
Sacrificial piles are defined by Melville and Hadfield (1999, p. 1221) as ‘piles placed 
upstream of a bridge pier for the purpose of protecting it from local scour.’ While the 
piles may be subject to scour, they protect the pier by deflecting the flow and 
creating a wake region behind them.  
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Melville and Hadfield (1999) conducted a series of experiments to ascertain the 
effectiveness of triangular configuration of sacrificial piles as a scour 
countermeasure (Figure 2-9) in both clear-water and live-bed conditions. Uniform 
bed sediment with a median diameter of d50 = 0.95 mm was used in flow intensities 
varying from U/Uc = 0.63 to 1.84. Shields Diagram and the Karman-Prandtl velocity 
equation were used to calculate the critical velocities of the sand particles. Both a 
circular (D = 150 mm) and rectangular (170 mm wide and 510 mm long) pier were 
tested, using 25 mm diameter steel rods as the sacrificial piles. Experiments were run 
for 24 hours and an ultrasonic probe was used to record scour depths to an accuracy 
of ±0.5 mm. The results of the experiments were expressed in terms of a percentage 
scour depth reduction. Melville and Hadfield reported that the effectiveness of the 
piles was dependent on the approach flow and the flow intensity. When deviations in 
the direction of the flow occurred, the effectiveness of sacrificial piles was reduced 
and they therefore recommended that sacrificial piles only be used when the flow 
remains aligned and the flow intensity is small.  
 
 
Figure 2-9: General configuration of sacrificial piles as tested by Melville & Hadfield (1999) 
2.6.2.2 Splitter plate  
 
 
As shown below in Figure 2-10, a splitter plate is a vertical plate attached to a pier in 
the direction of flow (Heron 2007). By introducing a splitter plate, it is believed that 
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periodic production of vortices can be reduced or eliminated (Schlichting & Gersten 
2000). 
 
Figure 2-10: General splitter plate layout 
 
 
Kwon and Choi (1996) investigated the effect of a splitter plate on the vortex 
shedding behind a circular pier using a numerical method between Reynolds 
numbers of ReD = 80 to 160. They concluded that vortex shedding was completely 
removed when the length of the splitter plate exceeded a critical length, which was 
found to be proportional to the Reynolds number. It was also reported that the net 
drag on the cylinder was significantly reduced by the splitter plate. 
 
Akilli et al. (2005) conducted experiments in shallow water of Reynolds number ReD 
= 5500 to view the effects of separating the splitter plate from the pier. The distance 
between the pier and downstream splitter plate were varied between 0 mm and 100 
mm. The Digital Particle Image Velocimetry technique was employed with the water 
being seeded with neutrally buoyant silver-coated spherical balls. With this 
technique, the instantaneous velocity vector field in the near wake of the cylinder 
could be obtained. The results indicated that the splitter plate had a substantial effect 
on suppression of the vortex shedding for the gap ratios of 0 to 1.75D, regardless of 
the thickness of the splitter plate. 
 
Dey et al. (2006) carried out research on the effectiveness of a splitter plate for 
controlling scour at a circular pier under waves in live bed conditions. Unlike many 
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splitter plate experiments, the splitter plates were fixed to both sides of the pier. 
Shields entrainment function was used to calculate the critical Shields stress on the 
bed sand. Testing was conducted for 30 – 45 minutes until the scour process 
generated an equilibrium scour hole. The splitter plate was shown to disrupt the 
vortex shedding from its usual frequency and thus had an average reduction of scour 
depth of approximately 62%. 
 
Hwang and Yang (2007) undertook a numerical investigation into the effects of 
using a detached splitter plate upstream and downstream of the cylinder. They 
suggested that the upstream splitter plate reduced the pressure near the front 
stagnation point, while the downstream splitter plate suppressed vortex shedding. 
They concluded that the drag on the cylinder was effectively reduced by up to 
38.6%. 
 
Akilli et al. (2008) used the particle imagery velocimetry (PIV) technique to 
experimentally study the wake flow region downstream of a cylinder placed in 
shallow water. A Reynolds number of ReD = 6300 was used to test splitter plates 
varying in length and width. They concluded that the variations in splitter plate width 
had no affect on the flow characteristics; however the variations in length of the 
splitter plate affected the frequency of vortex shedding. When the length of the 
splitter plate increased to the critical length of L/D=1.2, vortex shedding completely 
disappeared. 
 
 
2.6.2.3 Helical wires  
 
Helical wires or helical strakes have been used predominately in the mitigation of 
vortex shedding around chimneys, and the reduction of the phenomenon of galloping 
of cables (Chen & Lui 2005). In recent years, studies have been undertaken to view 
the effects of helical wires in hydraulic environments, particularly marine pipelines. 
 
Rochi and Zasso (2002) conducted experiments on cylinders transversely fixed in a 
water channel in an attempt to investigate the possibility of using numerical tools to 
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allow for inexpensive design. Tests were performed on a smooth model and a 
helically wired model in flows of Reynolds numbers between 2×104 and 4×104. 
Their results showed that oscillation amplitudes were significantly reduced by the 
helically wired model when compared to the smooth model. 
 
Dey et al. (2006) studied the use of helical wires on piers under waves and steady 
current. Single, double and triple threaded piles (Figure 2-11) were tested using 
various cable-to-pier diameter ratios and thread angles, α.  
 
 
Figure 2-11: General view of helically wired pier and types of thread 
 
 
Experiments were conducted under clear-water and live-bed conditions using 
uniform sand. A calibrated V-notch weir was used to measure the flow discharge and 
instantaneous three-dimensional velocities were measured using an acoustic Doppler 
velocimeter having a probe head of 5 cm. It was found that the wires weakened the 
strength of the downflow and horseshoe vortex under waves, with the most efficient 
cable-to-pier diameter ratio being 0.75. Under steady current conditions, it was found 
that the maximum reduction in scour depth obtained was 46.3% using a triple 
threaded pile with a thread angle of 15°. 
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2.6.2.4 Bed sill  
 
Chiew and Lim (2003) conducted an experimental study to explore the effectiveness 
of using a sacrificial sill upstream of the pier as a local scour countermeasure. 
Experiments were conducted under both clear-water and live-bed conditions. Under 
clear-water conditions, they found that the sill was efficient in reducing the 
equilibrium scour depth, reaching a maximum percentage reduction of pier scour 
depth of approximately 50% when: (a) the sill was vertical; (b) the sill height was 
larger than 0.3 times the depth of flow; (c) the clear distance between the pier and sill 
was 4·4 times the pier width; and (d) the angle of attack was zero. A large angle of 
attack or flow skewness was found to be unfavourable to the performance of the sill. 
They also found that the efficiency of the sill decreased under live-bed conditions, 
with the reduction of pier scour depth of approximately 20%. 
 
In contrast to Chiew and Lim (2003), Grimaldi et al. (2009a) investigated the 
effectiveness of a sill downstream of the pier and flush with the bed. Two rectangular 
flumes were used in the study, each having differing uniform sediment sizes with 
testing being conducted at the threshold of motion condition. This condition was 
measured in preliminary tests and applied to actual tests. Discharges were measured 
using electromagnetic flow meter, while flow depths and bed levels were measured 
using a point gauge with decimal verniers. A total station was used to evaluate the 
scour hole area and volume at the conclusion of each test. Grimaldi et al. (2009a) 
suggested that a scour depth reduction of 26% at the nose of the pier could be 
achieved if the bed sill was placed directly behind the pier, while reducing the scour 
area and volume by 80%. They also suggested that the maximum depth of the scour 
hole may occur in front of the bed sill instead of the pier. 
 
 
2.6.2.5 Collars 
 
Collars are flow deflectors attached to the pier (Melville & Hadfield 1999). They can 
be placed at any level above or below the bed and act as a barrier against the 
horseshoe vortex and the associated downflow formed at the nose of a pier.  
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Kumar et al. (1999) studied and compared various collar diameters placed at 
different elevations at or above the bed. Experiments were conducted using three 
uniform sands, each with a specific gravity of 2.65. Clear-water conditions were 
imposed on the flow and discharges were altered using the tailgate. Scour depths 
were measured using an electronic profile indicator. Results showed that the deepest 
scour hole occurred at the upstream face of the pier for smaller diameter collars 
placed at high elevations, and in the wake of the pier for larger diameter collars 
placed at the bed level. Kumar et al. (1999) suggest that larger diameter collars at or 
near the sand bed are the most effective at limiting scour. 
 
Moncada et al. (2009) researched the effects of collar size and elevation. Tests were 
conducted under clear-water conditions and varying discharges. Sand with a median 
particle size of 1.4 mm was used in the tests, which were conducted until the 
equilibrium scour depth was reached. It was concluded that a collar located at bed 
level could reduce scour depth by up to 96% and that a larger collar diameter would 
result in a smaller scour depth. 
 
Zarrati et al. (2004) examined the effectiveness of various collar sizes around 
rectangular piers at differing elevations and skew angles. Experiments were 
conducted a horizontal flume which consisted of a sand recess filled with sand of 
median diameter d50 = 1.0 mm. All experiments were conducted at the threshold of 
motion condition, of which was found experimentally in preliminary tests. At the 
completion of the tests, the scour holes were measured using a point gauge with 
accuracy of 0.1 mm. From their results, they concluded that the effectiveness of the 
collar decreased as the flow skew angle increased. Owing to the length of a 
rectangular pier, they also suggested that a collar around a rectangular pier is more 
effective than one of the same size around a circular pier as the downstream scour 
hole does not reach the upstream edge of the collar. 
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2.7 Application of aerofoil as a countermeasure for local scour at 
bridge piers 
 
Aerofoils are predominantly used in wing design for aircraft, but there are many 
other applications, such as in propellers and compressors. Various aerofoils have 
different flow patterns, depending on their size, shape and alignment to flow. 
Aerofoils can be either symmetric or asymmetric. For aircraft, many aerofoils are 
designed to generate high lift and low drag. This is achieved by the use of an 
asymmetric aerofoil and by increasing the curvature of the aerofoil. Lift is produced 
when the air flowing over the top of the wing is faster than the air flowing 
underneath it, creating lower pressure on the top. On the other hand, a symmetrical 
aerofoil shape will produce equal drag on each side. 
 
 
2.7.1 Earlier work done and findings on the use of the aerofoil 
 
Drysdale (2008) conducted research to examine the phenomenon of vortex shedding 
that occurs behind a circular and aerofoil shaped pier. Tests were carried out on a 
circular pier of diameter D = 78 mm and a symmetrical aerofoil pier as shown in 
Figure 2-12.  The front of the aerofoil pier remained circular so that comparisons 
with the circular pier could be made.  
 
The velocity profile downstream of the circular and aerofoil shaped piers were 
measured using an acoustic Doppler velocimeter (ADV) in a flow of Reynolds 
number, Re = 1.212×104. Further to this, the piers were modeled in FLUENT, a 
software program capable of solving three dimensional and two dimensional flow 
situations (Drysdale 2008). When modeling in FLUENT, Drysdale found that it was 
necessary to conduct the simulation under laminar flow as it was the only model that 
would produce meaningful results (Drysdale 2008, p. 56). 
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Figure 2-12: Circular fronted aerofoil, based on symmetrical aerofoil (Source: Drysdale 2008) 
 
 
From the velocity measurements and FLUENT modeling, it was found that for the 
case of the aerofoil pier, no fluctuation of velocities from side to side was evident. 
This was in contrast to the strong cross-stream velocities generated from the circular 
pier. From this it was concluded by Drysdale (2008) that the onset of vortex shedding 
had been significantly reduced and he suggested that the degree of scour formed 
from the aerofoil pier would be considerably smaller than that of the circular pier. 
 
Drysdale (2008) also suggested that the flow pattern occurring upstream of an 
aerofoil pier was similar to that of a circular pier. He furthered this by suggesting that 
these similar flow patterns are a result of the aerofoil pier maintaining a circular 
shaped nose. 
 
 
2.8 Application of slot as a countermeasure for local scour at 
bridge piers 
 
As previously explained, it is believed that the downflow and horseshoe vortex are 
the main causes of local scour around bridge piers. Consequently, Kumar et al. 
(1999) suggested that a way to weaken and possibly prevent the formation of the 
downflow and horseshoe vortex is through use of a slot. Grimaldi et al. (2009b, p. 
425) defined a slot as ‘an opening in the pier which allows part of the flow to pass 
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through the pier itself.’ Typically the slot is rectangular in cross section and through 
the centre of a circular or round-nosed pier. 
 
The concept behind a slot as a flow-altering countermeasure varies depending on its 
location within the pier. When the slot is placed near the bed (Figure 2-13a), the 
downflow is diverted through the slot opening  rather than being driven into the sand 
bed, thus reducing the horseshoe vortex intensity (Chiew 1992). By placing a slot 
near the surface of the flow (Figure 2-13b), near-surface water is allowed to pass 
through the slot opening, effectively lowering the flow depth and the downflow at 
the nose of the pier  (Chiew 1992). Grimaldi et al. (2009b) also believes that a slot 
modifies the flow velocities around the pier, which in turn will influence the wake 
vortex system. 
 
Typically, investigations into the slot’s effectiveness as a local scour countermeasure 
are coupled with investigations into the effectiveness of the slot in combination with 
a second countermeasure. Chiew (1992) and Grimaldi et al. (2009b) believe that a 
combination of countermeasures can enhance the effectiveness of mitigating local 
scour.  
 
From a practical viewpoint it is important to acknowledge that debris accumulation 
may occur, which may block the slot opening and reduce the effectiveness of the slot 
(Chiew 1992; Grimaldi et al. 2009b; Moncada et al. 2009). 
 
 
2.8.1 Earlier work done and findings on the use of slots 
 
Chiew (1992) experimentally studied the effect of a slot, a collar and a combination 
of the two in reducing the depth of local scour around a pier. The objective of the 
study was to review existing countermeasures and to propose alternative or new 
devices for mitigating scour around bridge piers. The experiment was conducted 
using a 32mm diameter pier and a sand median particle size of 0.33mm. The flow 
intensity, (i.e., u*/u*c) was kept constant at 0.9 and the depth of flow was 180 mm. 
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Figure 2-13: (a) Bridge pier with slot near bed; (b) bridge pier with slot near flow surface 
(Source: Chiew 1992) 
 
 
 
Tests were performed using slot widths of 0.25b and 0.50b, and varying lengths 
ranging from yL /D = 0 to yL /D = 4. Chiew also tested different positions of the slot; 
one near the bed and one near the water surface. Experiments with slots were tested 
alone and in combination with a collar while the length of the slots and the positions 
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of the collars were systematically varied. A scale on the upstream face of the pier 
was used to indicate local scour depth. For the purpose of his tests, Chiew (1992, p. 
1265) defined equilibrium scour depth as ‘the depth attained when there was less 
than 1 mm change in scour depth in eight hours’. This criterion resulted in the tests 
being run for approximately 72 hrs. It is unknown how Chiew placed the piers in the 
sand bed, or if the slot extended into the sand bed or only to the surface of the bed. 
 
Chiew (1992) showed that the length of the slot is an important parameter in 
affecting scour depth. By placing the slot near the water surface or the bed, with a 
slot length of greater than twice the diameter of the pier, a 20% reduction in scour 
depth was possible. Also, it was concluded that a combination of collar and slot can 
be a suitable substitute for the use of riprap as a countermeasure for local scour at 
bridge piers as his results suggested that this combination was capable of eliminating 
scour altogether.  
 
Kumar et al. (1999) carried out research to determine the scour reduction efficiency 
of slots of different lengths and aligned at different angles to the flow. The tests were 
carried out in 30m long, 1m wide and 0.60m deep flumes with a longitudinal slope of 
So = 7.73x10-4. Experiments were conducted using cylindrical pipes with diameters 
of 61mm and 112.5 mm. A slot width ratio of w/b=0.25 and two slot length 
configurations were tested, namely YL = yo and YL = yo+dsp. Under clear-water 
conditions using uniform sized sands with median diameters of 0.78mm, 1.18mm 
and 1.54mm, Kumar et al. conducted the experiments between a range of 0.75 < 
u*/u*c < 0.98. The experiments were carried out until the scour did not change by 
more than 1mm over a 3 hour period. An electronic profile indicator was used to 
measure the scour depths, which could respond to bed level variations as small as 
0.2mm. 
 
In terms of the affect the length of the slot has on scour depth, Kumar et al. (1999) 
suggested that the depth of scour decreases as the length of the slot, YL, increases. 
They further suggested that scour depth could be further reduced if the length of the 
slot extended in to the bed. In order to study the effect of orientation of the slot on 
scour depth, a slotted pier with w/b = 0.25 was tested at four orientations; θ = 10°, 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  Page 39  
20°, 30° and 45°. As with many other flow-altering countermeasures (Chiew & Lim 
2003; Melville & Hadfield 1999; Zarrati et al. 2004) Kumar et al. (1999) found that 
the efficiency of the slot was diminished as the angle of attack increased. Kumar et 
al. (1999) suggested that once the angle of attack exceeds 20°, the slot becomes 
ineffective.  
 
Grimaldi et al (2009b) studied the effectiveness of a slot as a function of zs/y0 (zs = 
sinking depth of slot, y0 = approach flow depth), and the effectiveness of a combined 
countermeasure composed of a slot and a downstream bed sill. Two rectangular 
flumes were used in the study, with Flume 1 being 12.70 m long and 0.80 m wide, 
and Flume 2 being 40.70 m long and 2.0 m wide. A 3.10 m-long sand recess was 
placed in the middle of Flume 1 and was filled with uniform sand with a median 
diameter of d50 = 1.3 mm, while Flume 2 had two sand recesses in series, each 5.0 m 
long and 0.35 m deep, so that two tests per run could be conducted simultaneously. 
The sand used in Flume 2 had a median diameter of d50 = 0.7 mm.  
 
A pier of diameter b = 75 mm was used in Flume 1, and piers of diameter b = 90 mm 
and b = 120 mm were used in Flume 2. The width of the slot was maintained at w 
=0.25b and the height of the slot above the bed was equal to the depth of the 
approaching flow (ls = y0), while varying the pier width and sinking depth. All 
experiments were conducted at the threshold velocity, i.e., U/Uc = 1. The discharge 
was measured using an electromagnetic flow meter, and the flow depths and bed 
level in front of each pier were measured with a point gauge with decimal vernier. To 
evaluate the scour area and volume after the experiments, a Leica Reflectorless Total 
Station was used, with accuracy less than 3%. Scour was only measured in front of 
the pier. 
 
Grimaldi et al. (2009b) showed that the slot was effective against local scouring for 
all the tested values of the dimensionless value zs/y0, with zs/y0 =1/3 providing the 
most satisfactory results. These results were based on the percent scour reductions at 
equilibrium for; the depth in front of the pier, rde; the scour area, rAe; and the scour 
volume, rVe; respectively defined as follows;  
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where the subscript 0 indicates the tests without any countermeasure. 
 
For the evaluation of a pier with a slot, Grimaldi et al. (2009b) results showed that 
the scour depth of piers with slots was always less than the piers without, and thus 
suggested the slot controls short-term and long-term scouring.  They also suggested 
that the slot is very effective in controlling the downflow at the upstream face of the 
pier and hence reducing the horseshoe vortex strength.  
 
In the case of the combined countermeasure of a slot and downstream bed sill, 
Grimaldi et al. (2009b) observed that in the initial stages of the experiments, the 
scour depth was only reduced by the slot, with the bed sill only having an effect after 
the scour hole development in the wake was such that the wake vortex system 
interacted with the bed sill. The depth of scour in front of the pier was found to have 
decreased noticeably when using the combined countermeasure and it was concluded 
that the combined countermeasure acted on both the downflow and horseshoe vortex, 
and on the wake vortices. 
 
Moncada et al. (2009) conducted a series of experiments to examine the effects of a 
rectangular slot through a pier in controlling the depth of scour. Thirteen experiments 
were carried out varying the slot length from the water surface to the bed, and from 
the bed to the water surface. Testing was conducted in an 8.50 m long, 0.50 m wide 
and 0.50 m deep channel under clear-water conditions with a median particle size of 
0.14 m and a constant approach flow depth of 14.44 cm. A cylindrical iron pier with 
a slot width of w = 0.25b was used for the experiments in a flow discharge of Q = 
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2.68 ×  10-2 m3/s, which was measured with a sharp-crested weir to ±2% accuracy. 
Equilibrium scour depth was assumed to have been reached when a change of less 
than 0.1cm was observed within 2 hours. Scour depths were only measured along the 
centre axis of the channel. 
 
Moncada et al. (2009) commented that for all the tests conducted using a slot, the 
scour profiles around the pier were smaller than those obtained around an 
unprotected pier, which was also noted by Grimaldi et al. (2009b). As with Kumar et 
al. (1999), Moncada et al. (2009) reported that the larger the slot length, the smaller 
the scour depth. They also suggested that the approach flow depth is an important 
parameter in scour depth as was shown when the decrease in scour depth was related 
to the lowering of the effective depth of the flow. It was also concluded that the best 
location of the slot was near the bed. 
 
Experiments were also conducted by Moncada et al. (2009) to examine the combined 
effect of placing a collar around a circular pier and piercing a slot through the pier to 
control the depth of scour. Using the same flow parameters as above and a 2D collar 
placed around the pier at bed level, it was found that no scour occurred around the 
pier, thus indicting an efficiency of 100%. This efficiency was regardless of the slot 
length. 
In summary, based on the few experimental studies that have been undertaken using 
the slot, the general agreement appears to be that a slot of width of w = 0.25b is 
sufficient to minimize local scour. It is also quite clear that when the slot was 
incorporated with another local scour countermeasure, a greater reduction in local 
scour could be achieved. However, definitive values for the length of the slot and its 
position with respect to the bed are still unclear. It should be noted also that all of the 
above studies on slots have been conducted under clear-water conditions. 
 
 
2.9 Conclusions 
 
As a precursor to this research study, an extensive literature review has been 
undertaken. The outcome of the review revealed that further work is needed on 
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various aspects of scour, especially in the area of the local scouring mechanisms and 
the evaluation of the efficiency of an aerofoil and a slot and as countermeasures for 
local scour at a bridge pier. Additional work is needed before a practical application 
of the combination pier can be confirmed. Although the aerofoil pier has shown to 
limit wake vortex formation, the use of the aerofoil pier as a local scour 
countermeasure has only been briefly addressed and little was discovered regarding 
the flow pattern at the nose. The idea behind the slot is that a significant amount of 
the flow will be taken through the pier, which will sufficiently prevent the 
mechanisms of local scour, particular the downflow and horseshoe vortex. Based on 
the findings reported herein, the use of a slot and aerofoil combination is an effective 
method for reducing local scour at a bridge pier. 
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Chapter 3 Experimental Setup and Methodology 
 
3.1 Introduction 
 
In this chapter, the experimental arrangements, hydraulic models, data acquisition 
system and variables measured in the model study are described. 
 
 
3.2 Flume 
 
Testing conducted in this project utilized the largest of the hydraulic flumes in the 
University of Southern Queensland’s Water Engineering and Thermodynamics 
Laboratory. This flume is designed for mobile bed and flow visualization and is 
capable of recirculating water through the use of a centrifugal pump. The flume is 
0.61m wide, has a maximum water depth of 0.12m and is 4.0m long. A schematic 
illustration of the experimental setup is shown in Figure 3-1. The maximum 
discharge in the flume is 3.5 L.s-1 (Armfield Limited) 
 
 
Figure 3-1: Schematic illustration of the experimental setup 
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3.3 Flow conditions 
 
The flow depth for all experiments was set at 90mm. The flow depth was controlled 
using a downstream tailgate and discharge was controlled using a valve at the pump 
outlet. 
 
Section mean velocity, V, may be taken as the point instantaneous velocity at 0.6y 
from the surface of the flow. By using the ADV to measure the velocity at this depth 
over a 60 second period, the section mean velocity was calculated as V = 0.19935 
m/s. 
 
In order to ensure that the flow was turbulent, Reynolds number was used. The 
hydraulic radius of the flow was; 
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Therefore the flow in the flume was well into the turbulent region. The is ideal for 
the experiment and the onset of vortex formation. 
 
Baffles were located at the head of the flume so as to provide a uniform flow in the 
flume. These baffles however were not effective enough, so a mesh was laid over the 
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entrance of the flume to assist in providing a uniform flow, as can be seen in Figure 
3-2. 
 
 
Figure 3-2: Mesh at entrance of flume 
 
 
Water temperatures were measured using a thermometer as can be seen above in 
Figure 3-2. During mobile bed testing, the temperature was recorded at the start and 
the end of the run. When testing using the fixed bed and ADV, temperatures were 
read before each run so that the correct temperature could be entered into the 
software. 
 
 
3.4 Pier Models 
 
As stated previously, this research is aimed at comparing three pier shapes with each 
other, and no attempt is being made to simulate a prototype. However, as Drysdale 
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(2008) has already studied a circular and aerofoil shaped pier, it was convenient to 
use the same models. 
 
Three piers were constructed on a CNC milling machine at the University of 
Southern Queensland (USQ) by the USQ Workshop Staff. The circular and aerofoil 
pier were the same as those used by Drysdale (2008) and were constructed from 
High Density Polyethylene (HDPE) material. The combination pier was constructed 
from transparent Polyvinyl Chloride (PVC). The piers are shown in Figure 3-3. 
 
 
Figure 3-3: Model pier shapes used 
 
 
A circular pier of radius 39mm was tested as a starting point to view the vortices and 
scouring that would be present under the flow conditions. The testing of the circular 
pier set a bench mark to which the aerofoil and combination piers could be 
compared. 
 
The aerofoil shaped pier of Drysdale (2008) was used in this project. The pier 
maintained a 39mm radius at the nose of the pier, with an overall length of 250mm. 
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The tail curved slightly from the tangential intersection with the nose to the tip of the 
tail and had a length to pier ratio of 3.2 : 1 (Drysdale 2008). 
 
The aerofoil shape of the combination pier was constructed using exactly the same 
dimensions as the aerofoil shaped pier tested by Drysdale (2008) as mentioned 
above. This allowed for direct comparison between the piers. In this project, a slot 
near the bed was used as this has been suggested as the most effective position (refer 
Section 2.8). From a practical perspective, by placing the slot at the bed, it ensured 
that the slot was continually utilized and under water during all flow depths. As 
Grimaldi et al (2009b) suggested, the slot will extend the full depth of the sand recess 
into the bed. In accordance with the literature, the slot used  a width of one-quarter of 
the diameter of the original circular pier (w = 0.25b). However, due to the size of the 
pier being used to conduct the testing, the slot did not have a length of twice the 
diameter of the pier, but instead one-third the depth of flow. A schematic illustration 
of the combination pier is shown in Figure 3-4. 
 
 
Figure 3-4: Schematic illustration of combination pier 
 
 
The piers were positioned with the centre of the radius of the circular nose at 470mm 
downstream from the start of the sand recess, and centred in the y direction at 
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305mm from the edge of the flume. This coordinate was important as measurements 
were taken with respect to the centre of the pier. 
 
The piers were held in position by placing weights on top as seen in Figure 3.5. This 
allowed the ADV to move freely along the length of the flume. 
 
 
Figure 3-5: Weights on top of pier to secure in position 
 
 
3.5 Sand Size and Incipient motion of sediment 
 
In accordance with AS1141.11, a mechanical sieve test was conducted on the sand to 
be used in the flume in order to determine the grain size. The grain size distribution 
from the sieve analysis test can be seen below in Table 1 and Figure 3-6. 
 
The median particle diameter was found to be d50 = 0.89 mm and the sand was 
classified as non-uniform. An attempt was made to ensure that the minimum grain 
size was greater than 0.6mm so as to not ripple as suggested by Ettema et al. (1998) 
(refer Section 2.3). However, as can be seen by Table 1, 6.0% passed the 0.60 mm 
sieve. Although this occurred, no general movement of the sand was observed during 
the tests. 
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Table 1: Sieve analysis results 
Sieve 
Size 
Percentage 
Retained 
Percent 
Passing
(mm) (%) (%) 
2.36  100.0 
1.18 100.0 99.0 
0.60 92.5 6.0 
0.43 6.0 0.5 
0.30 0.3 0.2 
0.15 0.2 - 
 
 
 
 
Figure 3-6: Grain size distribution (sieve analysis) 
 
 
To ensure that clear-water conditions were imposed on the flow, a similar process to 
that used by Balachandar and Kells (1997) was followed. Using Shields’ criterion for 
the initiation of motion, as given by the Shields’ Diagram, the particle Reynolds 
number, Re*, and corresponding Shields entrainment number, Fs, for the flow in this 
study were calculated. By plotting these values on the Shields Diagram, it was 
possible to show that the imposed flow conditions were clear-water. 
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In this case, the hydraulic radius, R, was used. In order to determine the friction 
slope, of the flume, S0, Manning’s equation was used, in which Manning’s n was 
computed by the Darcy-Weisbach friction factor, λ, as determined from the Moody 
Diagram. 
 
In selecting the friction factor, the relative roughness, e/4R (where e is the absolute 
roughness of the sand bed (i.e., 0.89mm) and R is the hydraulic radius of the flow), 
was taken as;  
 
e/4R = 0032.0
06949.04
00089.0 =×       (3.4) 
 
Using Moody’s equation (Nalluri & Featherstone 2001, p. 93), the friction factor is; 
 
λ = 
3/16
Re
10
4
2000010055.0 ⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ++
R
e     (3.5) 
 
   = 
3/1
4
6
10386.1
10
06949.04
00089.02000010055.0 ⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛
×+×+ −  
 
   = 0.0338 
 
Following this, the Chezy equation; 
 
C = 187.48
0338.0
81.988 2/12/1 =⎟⎠
⎞⎜⎝
⎛ ×=⎟⎠
⎞⎜⎝
⎛
λ
g     (3.6) 
 
And the corresponding Manning’s n is calculated as; 
 
n = 0133.0
187.48
06949.06/1 ==
C
R       (3.7) 
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The bed slope can then be calculated as; 
 
S0 = 4
2
3/2
2
3/2
10463.2
06949.0
0133.019935.0 −×=⎟⎠
⎞⎜⎝
⎛ ×=⎟⎠
⎞⎜⎝
⎛
R
Vn    (3.8) 
 
From (2.5) he mean bed shear stress is therefore; 
 
 τ0 = gRS0ρ          
 
                = 1000×0.06949×2.463×10-4×9.81 
 
                = 0.1679 N/m2 
 
Hence, the bed shear velocity is; 
 
 u* = 01296.01679.00 ==τ  m/s     (3.9) 
 
Using (2.8), it is then possible to find the particle Reynolds number; 
 
 53.11
1000.1
00089.001296.0Re
6
50*
* =×
×== −ν
du
     
 
Substitution of (2.5) into (2.7) gives the corresponding Shield entrainment number; 
 
 ( ) ( ) 00089.000.165.2
10463.206949.0 4
50
0
×−
××=−=
−
d
RS
F
s
s γγ  = 0.012   (3.10) 
 
As can be seen in the Shields Diagram in Chapter 2, Fs = 0.012 is not shown. 
However, as the corresponding values of Re* = 11.53 and Fs = 0.012 are below the 
Shields curve, the flow can be said to be clear-water. 
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3.6 Sand Recess and False Floor 
 
While investigating the effectiveness of an aerofoil shaped pier in reducing 
downstream vortices, Drysdale (2008) also observed that the flow pattern occurring 
upstream of the aerofoil shaped pier was very similar to that observed at the 
upstream of the circular pier. It is therefore possible to assume that the relationship 
between the formation of the horseshoe vortex is similar for both the aerofoil shaped 
pier and the circular pier.  
 
For a circular pier in a flow of Re = 81,000, Graf and Istiarto’s (2002) data suggested 
that the scour hole at the upstream face would extend x = -4.7D from the pier centre, 
where D = diameter of pier. Tseng et al. (2000) collected data upstream of a circular 
and square pier, using a maximum upstream value of x = -4D. To allow for any 
variations in the testing procedure and to provide a region of flow before the edge of 
the horseshoe vortex scour hole, the sand bed was designed to extend x = -6D = -
0.47m upstream from the centre of the pier.  
 
Drysdale (2008) took measurements 350mm downstream of the tail of the aerofoil 
shaped pier in order to measure the cross stream velocities. Accounting for the length 
of the aerofoil shaped pier, this gives x = 7D. However, at the extent of these 
measurements, cross stream velocities were still present within the flow, albeit them 
small. It was therefore assumed that scour may still occur beyond the distance of x = 
7D. Tseng et al. (2000) and Graf & Istiarto’s (2002) both collected data up to x = 8D 
while testing circular piers, while Dargahi (1990) provided data for up x = 9D. 
Therefore a downstream sand bed length of x = 10D was used to allow for any 
variations that may occur. 
 
According to Tseng et al. (2000), the mean velocity field around a circular pier is 
altered up to approximately y = 2D each side of the pier, where y is the transverse co-
ordinate from the centerline, and D = the pier diameter. Using this method, a 
minimum total width of y = 2×2D = 320mm should be used. To be safe, a sand bed 
total width of 390mm was used.  The overall sand bed dimensions were therefore 
1.25m x 0.39m (16D x 5D). 
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A false floor was constructed at an elevation of 0.01m from the flume bottom for a 
length of 3m to maintain the equal bed level of the sand in the recess. The false floor 
was constructed from 1.6mm sheet metal which gave the structure enough mass to 
resist movement within the flow. The sections of the false floor connected in place 
by screws at the corners of the pieces. 
 
The false floor consisted of five sections; two of which remained constant (the 
upstream and downstream sections) during both the ADV and mobile bed testing. 
The middle section of the false floor was 1.25m long and was interchangeable, 
depending on the desired floor surface and pier shape. For the testing using the ADV, 
two flat bed sections were designed. The first of the sections was flat and was used 
when testing the circular and aerofoil shaped piers. The second section was also flat, 
but with two areas cut out of the floor equal to that of the combination pier’s 
footprint as shown in Figure 3-7. This enabled the height of the slot to remain the 
same as when testing with a mobile bed. 
 
 
Figure 3-7: Combination pier false floor cut-out 
 
 
For the testing using a mobile bed, the middle section was designed as a 0.01m sand 
recess. As stated earlier, the sand recess was 1.25m long and 0.39m wide, with flat 
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sections extending the remaining width of the flume. An example of the mobile bed 
during testing can be seen in Figure 3-8. 
 
 
Figure 3-8: Combination pier placed in 0.01m sand recess 
 
 
3.7 ScanStation 2 and Cyclone 
 
Leica’s ScanStation 2 is a high-speed, pulsed laser scanner that can be connected to a 
notebook or tablet PC. The scanned data (referred to as a point cload) can then be 
uploaded into Cyclone; the dedicated software for the ScanStation 2. Once loaded in 
Cyclone, the data can be mapped and assessed using a variety of in built tools such as 
meshing and contouring. 
 
To ensure that the desired area was within the scanning window, the ScanStation 2 
took photographs of the area. It was then possible to impose the photographs on the 
point cloud as shown in Figure 3-9. 
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Figure 3-9: Imposed photo over point cloud of an initial scan 
 
The placement of the scanner was critical in that the scour topography needed to be 
recorded for both the front and back of the piers. It was for this reason that the 
ScanStation 2 was placed to the side of the flume as can be seen in Figure 3-10. This 
however meant that only one side of the pattern was mapped, but it is assumed that 
scouring occurs symmetrically around a pier if the flow is uniform and non-skewed. 
 
Once the point cloud was uploaded into Cyclone, a mesh was created from which 
contour plots could be generated. By setting a reference grid, the scour hole volumes 
could be calculated. 
 
Figure 3-10: Position of ScanStation 2 scanner 
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3.8 Acoustic Doppler Velocimeter 
 
In order to measure the velocities of the flow in the flume, a 10MHz acoustic 
Doppler velocimeter (ADV) was used. The ADV utilizes a probe which can be 
interchanged depending on the type of testing being carried out. Two and three 
dimensional detachable probes are available, and depending on the type of system, 
the specific probes can face up, down or to the side. 
  
The ADV works by transmitting a short acoustic pulse of known frequency along the 
vertical axis (Nortek AS 2000). Three small transducers (Figure 3-11) then receive 
the echo from the water and the frequency shift between the transmit pulse and the 
received echo is used to calculate the velocity in the x, y and z directions. The probe 
sampling volume can be adjusted to either 3mm, 6mm or 9mm (default) and is 
located either 5cm or 10cm from the transmit transducer, depending on the type of 
probe used (Nortek AS 2000). By reducing the sampling volume size, the precision 
of the measured velocity is reduced as a result of an increase in noise. 
 
 
Figure 3-11: Acoustic Doppler velocimeter probe head 
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During the testing procedure, the ADV probe was connected to a computer which ran 
compatible software, CollectVTM, to record the measured velocities. The sampling 
rate range was 0.1Hz to 25Hz, and the sampling time could be manually entered into 
the software. 
 
For the testing, the 3-D side-looking probe was used with a sampling volume of 
9mm. For all measurements, the probe was faced sideways with a sampling rate of 
1Hz and a sampling time of 60 seconds. By facing the ADV probe sideways, velocity 
measurements were taken so as to not obstruct the oncoming flow. 
 
While measuring with the ADV, the false floor was used in place of the mobile bed 
so that the risk of suspended bed material damaging the sensors was eliminated. 
Also, as the sensor head of the ADV was quite large in comparison to the depth of 
flow, the sensor head posed a threat to disturbing the flow field around the pier. 
 
 
3.9 Coordinate system 
 
There are two different coordinate systems used in the present study, utilizing the 
same directions, but different origins. The origin (Y = 0 and Z = 0) of the first 
coordinate system was located at the default position of the ADV probe when 
attached to the mechanical frame, and the centre of the pier (X = 0). This system 
allowed for the programming of the mechanical frame to accurately situate the probe 
within the flow. 
 
The origin of the second coordinate system (x = 0, y = 0) was located at the centre of 
the pier and the top of flow (z = 0), and was used to describe the position of the ADV 
probe within the flume. The coordinates x, y and z represent the streamwise, 
spanwise and transverse directions, respectively. 
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3.10 Instrument Carriage  
 
An instrument carriage was set up on longitudinal steel rails attached to the walls of 
the flume. The carriage could be moved upstream or downstream along the flume 
and was used to hold the mechanical frame, which in turn held and accurately 
positioned the ADV.  
 
The mechanical frame was constructed by USQ staff (Drysdale 2008). The 
mechanical frame was electrical and could be moved within a vertical coordinate 
plane using the aid of a digital positioning system. The default position of the 
mechanical frame was (0,0), and by entering the required Y and Z coordinates, the 
frame moved the ADV to the required location (Figure 3-12). It was found that the 
centre of the flume corresponded with a Y value of 337 mm.  
 
 
Figure 3-12: Digital positioning system on the frame 
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On the exterior of the flume wall was a ruler that extended the length of the flume. 
This allowed for accurate positioning of the ADV in the X direction (distance in the 
downstream direction). Through the combination of the mechanical frame and the 
instrument carriage, the ADV probe could be accurately positioned at any x y z 
coordinate within the flume.  
 
 
3.11 General experimental procedure and data acquisition 
 
3.11.1 Mobile Bed Testing 
 
Preliminary test runs were carried out to ensure that the correct depth and velocity of 
flow were attainable with the volume of water that was within the flume. 
Unexpectedly, when the pump was switched off, there was a substantial amount of 
water over the sand recess. This posed a problem in that the sand was difficult to 
screed when submersed and the Scanstation 2’s laser had difficulty penetrating the 
water due to its reflectiveness. Subsequently, water was removed from the flume 
before the placement of the pier, with the flume being slowly refilled to the required 
level after the pier placement. 
 
When the water was removed, the pier was installed in the flume at the desired 
location, with the piers aligned to the flow and resting on the hard floor of the flume. 
Before each test, care was taken to level the sand bed throughout the entire length of 
the sand recess, particularly in the vicinity of the pier, to a depth of 10mm (Figure -
13) using a screed. In the case of the combination pier, the length of the slot was also 
levelled with sand to a depth of 10mm. The sand bed preparation was important as 
far as the experiment was concerned as any unevenness or defect in the channel bed 
may cause premature bed form development (Alabi 2006).  
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Figure 3-13: Sand levelled at 10mm depth around circular pier 
 
Markers were placed on the edge of the flume (Figure 3-14) to ensure that the scans 
from the ScanStation 2 could be compared regardless of the position of the scan. 
Initial bed elevation profiles were then scanned using the ScanStation 2. Figure 3-14 
shows the scan of the aerofoil pier with the imposed photo prior to the test 
commencing. 
 
 
Figure 3-14: Scan of aerofoil pier with markers LHS and RHS prior to the commencement of 
testing 
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To start the test, the flume was slowly refilled with the required volume of water. It 
should be noted that extra care was required when filling the flume, especially for 
tests of this nature where no sediment movement is allowed. To maintain the correct 
depth of flow in the flume, the tailgate was adjusted to its required height. The pump 
was then turned on and its speed slowly increased until the desired flow rate of 
620L/min had been achieved.  
 
Notes were recorded on observations made during the mobile bed tests. 
 
At the completion of each test, the pump was stopped to allow the flume to slowly 
drain without disturbing the scour topography. As previously mentioned, water was 
drained from the flume. In addition to draining water from the flume, paper towel 
was used over the sand recess to extract excess moisture from between the sand 
particles. Care was taken not to disturb the scour pattern, particularly in the vicinity 
of the pier. Photos of the scour topography around the pier were taken, and the final 
scour topography was recorded using the ScanStation 2.  
 
The scans from the ScanStation 2 were then uploaded into the Cyclone software and 
contour profiles were created. Volumes were also calculated using Cyclone. 
 
The above procedures were repeated for each of the three pier shapes. It should be 
noted that in addition to carrying out the routine start-up work for each experiment as 
discussed above, at the location of the scour hole from a previous test, the sand was 
reworked so as to remove any prior history of scour development. 
 
For all of the tests, no definition of time to equilibrium was adopted as tests were 
proposed to run for three hours. The existence of an equilibrium condition is 
doubtful. 
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3.11.2 Acoustic Doppler Velocimeter Testing 
 
The sand recess was removed prior to the ADV testing, and the flat bed section of the 
false floor was installed into the flume and secured in position. The pier was then 
placed in the desired location and held in place using weights on the top of the pier.  
As with the mobile bed testing, the flume was slowly refilled with the required 
volume of water. The pump was then turned on and its speed slowly increased until 
the desired flow rate of 620L/min had been achieved and the tailgate was adjusted to 
the required height to maintain the correct depth of flow in the flume.  
 
The ADV probe was then positioned according to Figure 3-15 and velocities were 
recorded for a period of 60 seconds. The sample period of 60 seconds was chosen to 
ensure that sufficient flow variations were captured. Where possible, testing points 
were the same for all three piers. As can be seen in Figure 3-15, due to the physical 
limitations of the varying sizes between the circular pier and the aerofoil and 
combination piers, testing points in the wake region were not recorded at exactly the 
same positions. 
 
The above procedures were repeated for the circular and aerofoil shaped piers. In the 
case of the combination pier, the middle section of the false floor was removed and 
the false floor with the combination pier footprint cut-out was secured in the flume. 
The combination pier was then placed in the footprint cut-out and the testing 
proceeded as outlined above. 
 
Upon completion of the data recording, the velocities were uploaded into MATLAB 
and comparison graphs were created. 
 
It should be noted that the ADV probe was quite large when compared to the depth 
of flow that was in the flume. Had the ADV been used while undertaking the mobile 
bed testing, it would have been highly likely that the probe would have obstructed 
the flow to the extent of causing more scour. It was for this reason that the ADV 
testing was undertaken with the false floor in place. Also, the probe was faced 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  Page 63  
sideways in the flow and positioned 5cm from the testing point to minimize the 
affects of the probe on the oncoming flow. 
 
 
 
Figure 3-15: Method used to record velocities at piers 
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Chapter 4 Results and Analysis 
 
4.1 Introduction 
 
This chapter is divided into two main sections. The first section deals with the mobile 
bed tests in which contours graphs and variations in scour volumes are presented. 
The second section deals with the fixed bed testing with the use of the ADV and 
presents areas of interest with regards to the varying velocities around the piers. 
 
 
4.2 Mobile Bed Testing 
 
4.2.1 Circular Pier 
 
The circular pier was tested in the 90mm deep flow, with a mean average velocity of 
0.1994 m/s. Upon the required depth of flow and discharge being reached, movement 
of the sand particles at the face of the pier began in the form of rolling. As was 
suggested by Tseng et al. (2000), the scour holes commenced at the 45° position 
(refer Chapter 2). As time passed, the scour holes moved towards the centre of the 
upstream face of the pier and down the side of the pier. It was noted that the majority 
of the scouring occurred within the first hour of the test. As can be seen in Figure 4-
1, the final scour depth reached the floor of the sand recess, i.e. 10mm deep. As was 
expected, the local scour pattern was deepest close to the nose of the pier. 
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Figure 4-1: Final scour profile of circular pier 
 
Following the completion of the 3 hour test, the scour topography was scanned and 
the data was uploaded in the Cyclone software. Figure 4-2 shows the resulting 
contour plot for the circular pier. 
 
 
Figure 4-2 Contour plot of scour topography of circular pier 
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As can be seen in Figure 4-2, the scour hole extends into the wake region of the pier. 
It is believed that this is due to the sucking in of the horseshoe vortex behind the pier. 
Similarly, this extended scour hole may be the result of the interaction of the 
horseshoe and wake vortex systems.  
 
It is interesting to note the area of deposition of the scoured sand particles as 
indicated by the blue areas in Figure 4-2. This scour pattern is similar to that 
achieved by Raikar and Dey (2008) and with the deposition occurring in this area, it 
suggests that in these flow conditions the horseshoe vortex is substantially more 
effective at scouring than the wake vortex system. 
 
Using the Cyclone software, it was possible to calculate the volume of scoured 
material for one side of the pier. As it is believed that local scour around a pier in a 
uniform, non-skewed flow is symmetrical, the volumes were only measured for the 
half of the pier that was facing the ScanStation 2. This also allowed for a direct 
comparison between the volumes of the three piers. It follows that the volume of the 
scour hole facing the ScanStation 2 was found to be Vc = 4.42×10-5 m3. It must be 
noted that the scour volume included any scour development caused by the pier, 
including, for instance, the small yellow area in the wake of the circular pier. By 
calculating this volume, it allows the aerofoil and combination pier volumes to be 
compared to the unprotected circular pier. 
 
 
4.2.2 Aerofoil Pier 
 
Following the circular pier test, the aerofoil pier was tested in the same flow 
conditions. Sand particles at the face of the pier began to roll in a similar fashion to 
that observed for the circular pier. Again, the scour holes commenced at the 45° 
position. As time passed, the scour holes moved towards the centre of the upstream 
face of the pier. It was noted that the majority of the scouring occurred within the 
first hour of the test. As was the case with the circular pier, the final scour depth 
reached the floor of the sand recess as can be seen in Figure 4-3. 
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Figure 4-3: Final scour profile of aerofoil pier 
 
Following the completion of the 3 hour test, the scour topography was scanned and 
the data was uploaded in the Cyclone software. Figure 4-4 shows the resulting 
contour plot for the aerofoil pier. 
 
Unlike the circular pier, deposition of the scoured material occurred beside the pier at 
a distance of approximately 80mm from the nose of the pier. This suggests that the 
horseshoe vortex strength was diminished by the extended aerofoil tail, and that 
interaction between the horseshoe and wake vortices was eliminated. 
 
Also, in Figure 4-4 there is evidence of a small scour hole behind the deposition area. 
The cause of this scour hole is unknown. 
 
As with Drysdale (2008), the phenomenon of vortex shedding was not found to be 
present as there was no scour occurring at the tail of the aerofoil pier. This 
assumption will be further discussed in Section 4.3. 
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Figure 4-4: Contour plot of scour topography of aerofoil pier 
 
Using the same methodology as for that of the circular pier, the volume of the scour 
hole for the aerofoil pier was found to be Va = 3.21×10-5 m3. 
 
By comparing the scour hole volume of the circular pier to that of the aerofoil pier, a 
reduction of scour hole volume can be calculated using; 
 
rV 100×−=
c
ac
V
VV
       (4.1) 
 
    ( ) 100
1042.4
1021.342.4
5
5
××
×−= −
−
 
 
    4.27=  % 
 
With a scour hole volume reduction of rV = 27.4 %, the aerofoil pier has minimized 
local scour when compared to the circular pier. This conforms with Drysdale’s 
(2008) suggestion of the aerofoil pier forming considerably less scour than the 
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circular pier. Similar to that of Grimaldi et al. (2009b), the percent scour reductions 
have been assumed as a measure of the effectiveness of the countermeasure.  
 
 
4.2.3 Combination Pier 
 
Figure 4-5 shows the final scour profile of the combination pier after being subjected 
to the same flow conditions as previously mentioned for the circular and aerofoil 
piers. Again, movement of sand grains was immediately observed upon reaching the 
required flow depth and discharge. However, unlike the circular and aerofoil shaped 
piers, initial movement tended to be in the vicinity of 55° rather than 45°. This will 
be further discussed in Section 4.3. 
 
 
Figure 4-5: Final scour profile of combination pier 
 
Throughout the duration of test, no grain particle movement was observed at the 
entrance to the slot, or within the slot. Similarly to that of the aerofoil pier, no scour 
was evident in the wake region, as can be seen by Figure 4-6. From Figure 4-6, it is 
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clear that the scour area at the nose is significantly less than those seen for the 
circular and aerofoil shaped piers. 
 
Deposition of the scoured material occurred at roughly the same area as the aerofoil 
pier, suggesting a similar flow pattern in this area, i.e. the horseshoe vortex intensity 
is being hampered by the presence of the aerofoil-shaped tail. 
 
 
Figure 4-6: Contour plot of scour topography of combination pier 
 
The volume of the scour hole facing the ScanStation 2 for the combination pier was 
found to be Vs = 6.80×10-6 m3. By comparing the scour hole volume of the circular 
pier to that of the combination pier, a reduction of scour hole volume can be 
calculated using; 
 
rV 100×−=
c
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V
VV        (4.2) 
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    6.84=  % 
 
With a scour hole volume reduction of rV = 84.6 %, it can be said that the 
combination pier has significantly minimized local scour when compared to the 
circular pier.  
 
4.3 ADV Testing 
 
As was noted in the methodology, velocity data was recorded at particular points 
around the piers in an attempt to understand the flow field. Graphs have been created 
to comparatively view the velocities versus time of the three different pier shapes. 
Full details of the comparison graphs can be found in Appendix B. 
 
As shown in Figure 4-7, the mean velocity in the downstream direction was higher at 
the nose of the combination pier than for the circular and aerofoil pier. It is believed 
that this higher velocity is a result of the slot in the combination pier allowing flow to 
pass through it. Despite the higher velocity travelling through the slot, no scour was 
observed through the slot and a lower volume of scour was achieved overall as was 
shown in the previous section. 
 
Figure 4-7: Position (0,-40) x direction 
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Figure 4-8 shown below is a comparative view of the vertical velocities at the nose of 
the pier. For the combination pier, the mean vertical velocity was approximately 
zero, with small fluctuations occurring, which is to be expected in turbulent flow. 
The negative vertical velocities present at the nose of the circular and aerofoil shaped 
piers indicate the presence of the downflow as previously mentioned in Chapter 2. It 
is therefore plausible to say that the formation of the horseshoe vortex occurred as a 
result of the downflow, thus leading to the scour hole formation at the nose of the 
circular and aerofoil shaped piers. 
 
 
Figure 4-8: Position (0,-40) z direction 
 
Below, Figure 4-9 shows cross-stream velocities at (10,-40), which is on the edge of 
the slot for the combination pier (refer Figure 3-15). A tendency of the cross-stream 
flow to travel towards the side of the piers is evident and to be expected as the flow 
is deflected by the presence of the piers. However, the combination pier exhibits a 
smaller velocity travelling in this direction, which can be attributed to the slot 
accepting a majority of the flow that would otherwise be pushed to either side of the 
pier.  
 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  Page 73  
 
Figure 4-9: Position (10,-40) y direction 
 
Similarly to that of Figure 4-8, Figure 4-10 below again reveals that the downflow is 
much less prominent for the combination pier than for the aerofoil and circular piers. 
The reason for this is believed to be that the slot is still affecting the flow as the slot 
allows flow to pass through the pier rather than causing the flow to change direction. 
  
 
Figure 4-10: Position (10,-40) z direction 
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However, as displayed in Figure 4-11, a strong downflow is present for the 
combination pier as the probe is moved away from the slot and towards the side of 
the pier to (30,-30). In this area, the downflow for the combination pier is 
significantly greater than those present in the case of the circular and aerofoil piers. 
The stronger downflow in this position may be the reason for the observed scouring 
hole formation occurring at the 55° position for the combination pier, rather than the 
45° position as observed for the circular and aerofoil piers. By having the downflow 
form closer to the side of the pier than the middle, the effects of the downflow are 
also moved further towards the side of the pier, resulting in the initial scour hole 
forming at the 55° area. Although the downflow velocity is significantly different at 
this position, velocities in the downstream and cross-stream directions are similar for 
all three piers (refer Appendix B). The presence of a stronger downflow for the 
combination pier is also revealed at position (50,-10) in Figure 4-12. 
 
 
Figure 4-11: Position (30,-30) z direction 
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Figure 4-12: Position (50,-10) z direction 
 
 
Although there are varied differences between the velocities at particular points 
around the piers, some areas have quite similar velocities. Take for instance, position 
(50, 0). Figure 4-13 displays the downstream velocities for (50, 0) and as can be 
seen, the velocities are relatively similar. In addition to the similar velocities, Figure 
4-13 reveals that the downstream velocities in this area are substantially higher than 
the average flow velocity of 0.1995 m/s as mentioned in Chapter 3. This finding is in 
line with those of Melville (1975) who suggested that velocities of flow near the bed 
increase around the perimeter of the cylinder with a local maximum occurring near 
the cylinder and at about 100° to the approach flow direction. 
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Figure 4-13: Position (50, 0) x direction 
 
As shown in Figures 4-14 and 4-15, the velocities in the cross-stream and vertical 
directions are reasonably similar in magnitude. This is odd considering that the three 
piers each have different nose and tail configurations; namely the slot and the 
aerofoil tail. This suggests that slot and aerofoil tail have little effect on the flow 
patterns directly adjacent to the pier face. 
 
 
Figure 4-14: Position (50, 0) y direction 
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Figure 4-15: Position (50, 0) z direction 
 
Towards the wake region of the piers, insight into the aerofoil shape’s effectiveness 
at limiting wake vortices is seen. Figure 4-16, 4-17 and 4-18 display large velocity 
fluctuations for the circular pier in the downstream, cross-stream and vertical 
directions respectively, while the aerofoil and combinations piers display quite 
steady velocities. These steadier velocities lead to the conclusion that the interaction 
between the wake and horseshoe vortex systems has been minimized by the aerofoil 
and combination piers, and thus leading to a reduction in the amount of scour. 
 
 
Figure 4-16: Position (40, 40) x direction 
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Figure 4-17: Position (40, 40) y direction 
 
 
 
Figure 4-18: Position (40, 40) z direction 
 
 
As mentioned in Section 4.2, it was assumed that no wake vortices were present 
behind the aerofoil and combination piers as no scour occurred in the wake region. 
The following figures are evidence that this assumption was correct. 
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The downstream velocity at (0, 240) is shown in Figure 4-19. From the graph it is 
clear that a higher mean velocity was present behind the combination pier than the 
aerofoil which would be caused by the flow through the slot. Also, behind the 
aerofoil and combination piers, the downstream flows remain quite steady with only 
small fluctuations. However, the circular pier displays quite large fluctuations which 
would suggest the presence of wake vortices. 
 
 
Figure 4-19: Position (0, 240) x direction 
 
Figure 4-20 shown below is a comparative view of the cross-stream velocities for the 
three piers at position (0, 240). As was suggested by Heron (2007), the cyclic pattern 
of the cross-stream velocity is indicative of vortex shedding. In contrast to the large 
fluctuations of the circular pier, very small fluctuations are present behind the 
aerofoil and combination piers. As the fluctuations in velocities for the aerofoil and 
combination piers, it can be concluded that vortex shedding has been significantly 
reduced. 
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Figure 4-20: Position (0, 240) y direction 
4.4 Summary 
By conducting clear-water experiments for the three pier shapes, it is obvious that the 
combination pier has significantly reduced the volume of the scour hole. The various 
comparative graphs have aided in determining the reasons why the scour hole 
formation varied from pier to pier. 
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Chapter 5 Discussion 
 
5.1 Introduction 
 
This chapter considers the quality of the experimental data and explores a number of 
factors contributing to possible errors. As well as providing an insight into how the 
combination pier could be applied to a practical setting, future research areas are 
discussed and conclusions are regarding this research are made. 
 
 
5.2 Research Limitations 
 
The results of this research need to be viewed with consideration to limitations that 
occurred throughout the testing period. A majority of the limitations encountered 
were unforeseen prior to undertaking the research but were noticed as the testing was 
conducted. 
 
Inconsistencies in the pump discharge were observed throughout the entire testing 
period. Fluctuations of up to ±7 L/min were regularly seen and minor fluctuations in 
the ADV results may be a direct result of this. At the head of the flume, the discharge 
from the pump was not uniform across the width of the flume, even though fixed 
baffles were present. In an attempt to create uniform flow, mesh was applied across 
the flow which did have a considerable affect. 
 
The size of the ADV probe was most likely too large for the depth of flow that it was 
submerged in. With a depth of flow of 0.09 m and a probe head size of 0.05 m, it is 
evident that the ADV probe would have a significant affect on the flow within the 
flume. The ADV was therefore faced sideways in the flow in an attempt to minimize 
this aforementioned affect. 
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As discussed in Chapter 4, the scour holes of the circular and aerofoil piers extended 
the full 10 mm of the sand recess and exposed a significant area of the sand recess 
floor. This posed a problem in that actual depths of the scour holes could not be 
calculated as the depth of the scour hole was effectively stopped prematurely. 
Following from this, scour volumes were also decreased. With the inclusion of a 
sand bed of sufficient depth in future experiments, an even greater reduction in the 
scour hole volume of the combination pier could be calculated, and thus lead to a 
greater efficiency. 
 
As the false floor was constructed of sheet metal, it was difficult to build one entire 
length. By constructing the false floor in sections it was easier to transport and 
replace within the flume. However, joints between the sections had small gaps of 
which flow could pass through. As the segment joints were a substantial distance 
from the testing pier, these effects were viewed as negligible. 
 
The sizing of the sand was limited in this research as an attempt was made to ensure 
that ripple formation would not occur. It was hoped that a sieve size between 1.18 
mm and 0.6 mm would be available so that the median sediment size would be 
greater than 0.6 mm, but less than about 0.8 mm. This would have provided a large 
enough size to eliminate the possibility of rippling, while keeping the size small 
enough to produce a sufficiently high flow intensity. However, this was not the case 
and the sand was sieved using the available sieve sizes of 1.18 mm and 0.6 mm. 
Although not affecting the results, the ScanSystem 2 had difficulty in defining the 
shape of the combination pier during the scanning of the scour hole profile. This can 
be attributed to the combination pier being constructed from translucent PVC of 
which the laser of the scanner passed through, rather than reflecting, as can be seen 
in Figures 5-1 and 5-2. Figure 5-1 shows how the laser was able to define the side of 
the aerofoil pier, with points being registered on the right of the picture due to the 
elevation of the scanner. 
 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  Page 83  
 
Figure 5-1: Front-on view of aerofoil pier scan 
 
As shown in Figure 5-2, the laser was not capable of defining the edges of the 
combination pier, and hence the point cloud appears quite random. It was therefore 
more difficult to define the scour hole edge within the Cyclone software. 
 
 
Figure 5-2: Front-on view of combination pier scan 
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5.3 Practical Applications 
 
In order to apply the combination pier to practical settings, it is suggested that some 
form of deflector be installed at the entrance of the slot. This may take the form of a 
triangular shaped grid or mesh that redirects debris clear of the slot entrance as 
shown if Figure 5-3. 
 
 
Figure 5-3: Possible debris deflector shape 
 
 
Also, as with this research, the slot should be extended into the bed. This will allow 
the slot to continue to accept flow should the natural movement of the river bed 
change over time with natural and seasonal river bed change. 
 
As research into the effects of the angle of oncoming flow has not been conducted, it 
would be suggested that the combination pier be used only in conditions where the 
flow direction remains aligned with the pier. 
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5.4 Further areas of study 
 
Through reviewed literature and the development and testing of the piers, several key 
areas for future research have been identified. These areas are; 
 
• A detailed study into variations of the aerofoil shape, with a particular 
emphasis on determining the shortest aerofoil permissible without affecting 
wake vortex reduction. This could lead to a reduction in the amount of 
materials required to construct the combination pier. 
• A study into various slot lengths for the combination pier, with an aim to 
produce a reasonable relationship between either slot length to pier width, or 
slot length to flow depth. This would provided a basis for the design of  a 
practical application 
• Carry out similar experiments but on a larger scale to provide a greater 
insight into the practical applications. 
• Conduct research into possible methods of preventing the slot from being 
blocked by debris. 
• Investigate structural issues that may resent due to the slot penetrating the 
pier. Again, this could provide another step towards a practical application. 
 
 
5.5 Experimental Conclusions 
 
As was the case with Grimaldi et al. (2009b), there is little data in the literature that 
can be used for comparison with the present results due to the innovative character of 
the present study.  
 
It can however be concluded that; 
• The aerofoil pier minimized local scour when compared to the unprotected 
circular pier with a reduction in volume of approximately 27%.  
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  Page 86  
• The combination pier significantly reduced local scour when compared to the 
circular pier, effectively reducing the scour hole volume by approximately 
85%.  
 
Through the use of the ADV testing, in terms of the aerofoil shape that was 
incorporated into the aerofoil pier and the combination pier, it was revealed that it; 
• minimizes the length of the horseshoe vortex; 
• significantly reduced the intensity of the wake vortices; and 
• removed the interaction of the horseshoe vortex and wake vortices. 
 
With regards to the slot in the combination pier, ADV testing revealed that; 
• the downflow was significantly reduced at the nose of the pier; 
• flow velocity was higher at the nose in the downstream direction as a result of 
the slot allowing flow to pass through the pier; and 
• the velocity at the outlet of the slot was not significantly greater than the 
velocity at the tail of the aerofoil pier. 
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Appendix A – Project Specification 
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Appendix B – Measured Velocities Using the ADV 
 
 
Position (0,40) Circular pier 
 
Position (0,60) Circular pier 
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Position (0,80) Circular pier  
 
 
 
 
Position (0, 160) Circular pier 
 
 
 
 
 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  Page 99  
 
 
 
Position (0,240) x direction  
 
 
 
 
Position (0,240) y direction 
 
 
 
 
 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  Page 100  
 
 
 
Position (0,240) z direction  
 
 
 
 
Position (0,-40) x direction 
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Position (0,-40) y direction  
 
 
 
 
Position (0,-40) z direction 
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Position (0,-45) x direction  
 
 
 
 
Position (0,-45) y direction 
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Position (0,-45) z direction  
 
 
 
 
Position (0,-50) x direction 
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Position (0,-50) y direction  
 
 
 
 
Position (0,-50) z direction 
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Position (10, 40) Circular pier  
 
 
 
 
Position (10,-40) x direction 
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Position (10,-40) y direction  
 
 
 
 
Position (10,-40) z direction 
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Position (20, 40) Circular pier  
 
 
 
 
Position (20, 50) Circular pier 
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Position (20, -40) x direction  
 
 
 
 
Position (20, -40) y direction 
 
 
 
 
 
University of Southern Queensland 
Faculty of Engineering and Surveying 
 
Zane M Christensen  Page 109  
 
 
 
Position (20, -40) z direction  
 
 
 
 
Position (30, 30) Circular Pier 
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Position (30, 40) Circular Pier  
 
 
 
 
Position (30, -30) x direction 
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Position (30, -30) y direction  
 
 
 
 
Position (30, -30) z direction 
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Position (30, -40) x direction  
 
 
 
 
Position (30, -40) y direction  
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Position (30, -40) z direction  
 
 
 
 
Position (35, 70) x direction 
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Position (35, 70) y direction  
 
 
 
 
Position (35, 70) z direction 
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Position (35, 80) x direction  
 
 
 
 
Position (35, 80) y direction 
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Position (35, 80) z direction  
 
 
 
 
Position (40, 10) Circular pier 
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Position (40, 20) x direction  
 
 
 
 
Position (40, 20) y direction 
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Position (40, 20) z direction  
 
 
 
 
Position (40, 30) x direction 
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Position (40, 30) y direction  
 
 
 
 
Position (40, 30) z direction 
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Position (40, 40) x direction  
 
 
 
 
Position (40, 40) y direction 
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Position (40, 40) z direction  
 
 
 
 
Position (40, 50) x direction 
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Position (40, 50) y direction  
 
 
 
 
Position (40, 50) z direction 
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Position (40, 60) x direction  
 
 
 
 
Position (40, 60) y direction 
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Position (40, 60) z direction  
 
 
 
 
Position (40, -10) x direction 
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Position (40, -10) y direction  
 
 
 
 
Position (40, -10) z direction 
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Position (40, -20) x direction  
 
 
 
 
Position (40, -20) y direction 
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Position (40, -20) z direction  
 
 
 
 
Position (40, -30) x direction 
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Position (40, -30) y direction  
 
 
 
 
Position (40, -30) z direction 
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Position (40, -40) x direction  
 
 
 
 
Position (40, -40) y direction 
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Position (40, -40) z direction  
 
 
 
 
Position (50, 0) x direction 
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Position (50, 0) y direction  
 
 
 
 
Position (50, 0) z direction 
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Position (50, 10) x direction  
 
 
 
 
Position (50, 10) y direction 
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Position (50, 10) z direction  
 
 
 
 
Position (50, 20) x direction 
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Position (50, 20) y direction  
 
 
 
 
Position (50, 20) z direction 
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Position (50, -10) x direction  
 
 
 
 
Position (50, -10) y direction 
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Position (50, -10) z direction  
 
 
 
 
Position (50, -20) x direction 
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Position (50, -20) y direction 
 
 
 
 
Position (50, -20) z direction 
 
 
 
